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ABSTRACT

HIGH-RESOLUTION ULTRAVIOLET SPECTROSCOPY
OF GAS IN GALAXY HALOS AND LARGE-SCALE
STRUCTURES
FEBRUARY 2011
LIMIN SONG
B.Sc., BEIJING NORMAL UNIVERSITY
M.Sc., BEIJING NORMAL UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Todd M. Tripp

This dissertation presents spectroscopic studies of gas in galaxy halos and largescale structures through high-resolution quasar absorption lines. The broad goal of
this effort is to learn how galaxies acquire their gas and how they return it to the
intergalactic medium, or more generally, how galaxies interact with their environment.
The study of the absorption lines due to the extraplanar 21cm “Outer Arm”
(OA) of the Milky Way toward two quasars, H1821+643 and HS0624+6907, provides
valuable insight into the gas accretion processes. It yields the following results. (1)
The OA is a multiphase cloud and high ions show small but significant offsets in
velocity and are unlikely to be cospatial with the low ions. (2) The overall metallicity
of the OA is Z=0.3-0.5Z⊙ , but nitrogen is underabundant. (3) The abundance of N,
O, and S derived are roughly consistent with outer-galaxy emission-line abundances
and the metallicity gradient derived from H II regions. The similarity of the OA
vi

kinematics to several nearby high velocity clouds (HVCs, e.g. Complexes C, G, and
H) suggests that these clouds could be detritus from a merging satellite galaxy. To
test this hypothesis, we build up a simple model including tidal tripping, ram-pressure
stripping, and dynamical friction to consider whether the OA could be debris affiliated
with the Monoceros Ring. Our model can roughly reproduce the spatial and velocity
characteristics of the OA. Moreover, the metallicity of the OA is similar to the higher
metallcities measured in the younger stellar components of the Monoceros Ring and
the progenitor candidate, the CMa overdensity. However, both our model and the
Galactic warp scenario can not explain other HVCs that are likely to be related to
the OA.
Instead of acquiring gas, some galaxies have their gas removed through various
physical processes. Ram-pressure stripping and tidal interaction are important mechanisms for galaxies to loose their gas. The high-resolution spectrum of Mrk205 combined with H I 21 cm, CO emission, and infrared observations is utilized to study a
unique transforming galaxy NGC4319. We find: (1) the object has lost most of its
diffuse interstellar H I. (2) molecular hydrogen remains in the disk of the galaxy. The
H2 column density is low, but the molecular gas fraction is extraordinarily high. CO
emission is also clearly detected, but only from the barred central region. (3) There
is very little evidence of recent star formation in the galaxy. The results appears
to match many of the predictions of Quilis et al. (2000), suggesting NGC4319 is
undergoing a transformation from a spiral into an S0 due to ram-pressure stripping,
possibly in tandem with tidal stripping.
To understand the characteristics of gas (especially warm-hot intergalactic medium)
in large scale structures, similar high resolution spectra of 31 quasars were selected
based on the galaxy density showing in the 2MASS map. They provide a unbiased
sample for the study of the correlation between O VI/H I absorbers and galaxies
and 2MASS galaxy groups at low redshift (z < 0.04). We totally discover 52 Lyα

vii

absorbers and 7 O VI absorbers, and O VI is clearly detected using the stacking and
“pixel optical depth” techniques for nearby galaxies along the sightlines. It seems
that the locations of the O VI absorbers do not correlated with the spacial distribution of large-scale structures manifested by galaxy groups, but more closely associated
with individual galaxies. It indicates that the galactic winds and “feedback” plays
important role in polluting the IGM with O VI.
Finally, we perform an extra investigation on the variable O VI and N V emission
from the black hole binary LMC X-3 in our original absorption line study of the hot
Galactic halo and the ISM of the LMC using LMC X-3 as a background source. We
observe significant velocity and intensity variation in both O VI and N V emission.
Their trends suggest that illumination of the B-star atmosphere by the intense X-ray
emission from the accreting black hole creates a hot spot on one side of the B star,
and this hot spot is the origin of the O vi and N v emission.

viii
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of cosmological structure growth by Davé et al. (2001). . . . . . . . . . . . . 4

2.1

Locations of the QSO sight lines H1821+643 and HS0624+6907 with
respect to the 21 cm emission from the Outer Arm. The map,
from Wakker et al. (2003), shows 21 cm emission from the
Galactic high-velocity clouds (HVCs) and the Outer Arm in
Galactic coordinates (longitude increases from right to left along
the x-axis). LSR velocities are indicated by color using the scale
at the bottom of the figure, and several of the HVC complexes
near the Outer Arm are labeled. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2

Map of the 21cm emission from the Outer Arm (red dots) and
Complex G (green dots) from the Leiden-Agentine-Bonn Survey
(Kalberla & Haud 2006). The locations of stars that we have used
to search for absorption at Outer Arm velocities (see Table 2.4)
are marked with blue circles, and the sight lines to the QSOs
H1821+643 and HS0624+6907 are plotted with black stars. Note
that the sight line to the central star of the planetary nebula
K1-16 is very close to the H1821+643 sight line and falls nearly
on top of the H1821+643 point. Toward HD210809, highly
significant UV absorption lines are detected at the velocity of
Complex G. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

xv

2.3

Continuum-normalized UV absorption profiles of Galactic lines
detected in the STIS E140M echelle spectrum of H1821+643,
plotted vs. LSR velocity. The profile transition is indicated in
each panel. In some panels, other Milky Way lines that happen to
fall within the plotted velocity range are labeled; unrelated
absorption features are marked with an ’x’. The Al ii λ1670.79
line is near a gap between the STIS echelle orders, and there is no
data between v = 100 and 200 km s−1 . The Outer Arm
components, at vLSR ≈ −130 km s−1 , are marked with a vertical
tick mark. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.4

UV absorption lines detected in the STIS E140M echelle spectrum of
HS0624+6907, as in Figure 2.3. The high velocity components
affiliated with the Outer Arm are indicated with vertical tick
marks, at vLSR ≈ −100 km s−1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.5

Comparison of various apparent column density profiles (§2.4)
observed toward H1821+643 in the Outer Arm, plotted vs. LSR
velocity. The panels show (a) Si ii λ1304.4 (red histogram) vs.
Si ii λ1526.7 (triangles with 1σ error bars)), (b) Fe ii λ1608.5 (red
histogram) vs. Si ii λ1526.7 (×0.5, triangles), (c) Fe ii λ1608.5
(red histogram) vs. Al ii λ1670.8 (×9.0, triangles), (d) Fe ii
λ1608.5 (red histogram) vs. C iv λ1548.2 (×1.8, squares), and (e)
Fe ii λ1608.5 (red histogram) vs. Si iv λ1402.8 (×6.0, squares). A
sharp edge is consistently present on the blue side of many of the
profiles (indicated with a blue arrow in the Fe ii vs. Al ii
comparison). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.6

Comparison of a Voigt-profile fit to the H1821+643 Outer Arm
component (at v ≈ −130 km s−1 ) assuming a single component
for the OA (smooth blue line) or 3 components for the OA
(smooth red line). The fits are overplotted on the observed
profiles (histograms) of Fe ii λ1608.45, Al ii λ1670.79, and Si iv
λλ1393.76, 1402.77, as labeled in each panel. For components at
velocities lower than the OA velocity, the two models have
identical component structure. Comparison of the one-component
and three-component fits show that the three-component fit
provides a better fit to the detailed sharp features that
consistently appear in various profiles (as also shown in
Figure 2.5). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

xvi

2.7

Continuum-normalized STIS absorption profiles of strong interstellar
lines in the spectra of the stars in the direction of the Outer Arm
from Tables 2.1 - 2.4. Most of the panels show the very strong C
ii λ 1334.53 line, but in some cases it is advantageous to show the
Si ii λ1307.37 or 1526.71 lines. This line is somewhat weaker, and
consequently it can show component structure more clearly. To
illustrate this effect, we show both the C ii and Si ii lines toward
HD208440. For comparison, the lower-right panel shows the
H1821+643 sight line with the Outer Arm component marked
with a red tick mark. The horizontal red bar in the upper-left
panel shows the velocity range over which OA absorption is
detected toward H1821+643. Despite high S/N ratios, none of the
stars show absorption at the velocity of the Outer Arm, so we
conclude that the OA is beyond these stars. Several
intermediate-velocity absorption components detected toward
H1821+643 are also evident toward HD208440 and HD209339;
these common intermediate-velocity features are marked with red
triangles labeled with the component velocity centroid. . . . . . . . . . . . 33

2.8

Continuum-normalized STIS absorption profiles of the interstellar
lines of C ii λ1334.53 (upper panel) and Si iii λ1206.50 (lower
panel) observed toward the B0.5 Vn star BD+35 4258, recorded
with the E140M echelle mode. The multicomponent absorption
lines in the velocity range of HVC Complex G are marked with
thick vertical tick marks. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.9

Continuum-normalized absorption profiles of the interstellar lines of
C ii λ1334.53 (upper panel) and Si iii λ1206.50 (lower panel)
observed toward the O9 Iab star HD210809 with STIS in the
E140H echelle mode (see Table 2.1). Highly significant absorption
lines at v ≈ −129 km s−1 (i.e., in the velocity range of HVC
Complex G) are marked with thick tick marks. . . . . . . . . . . . . . . . . . . 35

2.10 H i 21 cm emission in the direction of BD+35 4258 from the LAB
Survey (Kalberla et al. 2005). Both panels show the brightness
temperature vs. LSR velocity, but the lower panel is zoomed in to
more clearly show the 21 cm emission in the velocity range of
Complex G (indicated with a thick horizontal bar). . . . . . . . . . . . . . . . 36
2.11 Hi 21 cm emission in the direction of HD210809 from the LAB
Survey, as in Figure 2.10. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

xvii

2.12 Model of gas photoionized by the extragalactic UV background at
z=0 (Haardt & Madau 1996) with logN (HI) = 18.52,
Z = 0.48 Z⊙ , and solar abundances from Asplund et al. (2009).
Model column densities are plotted with small symbols (see key at
the lower left) as a function of the ionization parameter U. The
observed column densities are indicated with larger symbols with
1σ error bars. The dashed line indicates the upper limit for log U
(see text). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
2.13 Model of gas photoionized by the extragalactic UV background, as in
Fig.9, but with parameters appropriate for the sight line to
HS0624+6907. The observed column densities are indicated with
larger symbols with 1σ error bars. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
2.14 Radial abundance gradients in the Milky Way for (a) oxygen (b)
nitrogen (c) sulfur, and (d) iron. The diamonds and black dots
are HII region measurements. The squares represent abundances
measurements in open clusters. The large green and yellow circles
show the abundances measured in the Outer Arm along the lines
of sight to H1821+643 and HS0624+6907, respectively. The
nitrogen measurements toward HS0624+6907 are noisy, and N (N
i) could be underestimated due to saturation, so the nitrogen
measurement toward HS0624+6907 is best treated as a lower
limit. The various curves show Galactic abundance gradients from
the models of Chiappini et al. (2001) and Carigi et al. (2005); the
specific models from those papers are indicated by the key in
panel (a). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.1

Height of the OA as a function of galactocentric azimuth at the
projected distance onto the Galactic disk R=16, 22 and 28 kpc.
The red solid lines indicate the best fit to the overall warp
structure of the disk from Levine et al. (2006). . . . . . . . . . . . . . . . . . . 51

xviii

3.2

Comparison of the Monoceros Ring orbit model (black curves) to
observational data on the Milky Way High-Velocity Clouds,
including the Outer Arm. Six consecutive model orbits are shown
beginning with the same initial conditions used by Peñarrubia et
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CHAPTER 1
INTRODUCTION

1.1

Background and Broad Motivations

Studying the distribution and physical conditions of gas in the extended halos of
galaxies and in the intergalactic medium (IGM) is of fundamental importance for our
understanding of the formation and evolution of structure in the Universe. One of
the key questions such studies try to investigate is how galaxies acquire their gas and
how they return it to the IGM, or more generally, how galaxies interact with their
environment. Multiwavelength observations of gaseous halos and circumgalactic gas
of galaxies provide detailed insight into this issue. The processes that govern the
exchange of matter and energy between individual galaxies and the IGM are various
in different systems, but nevertheless they are complicated. Some processes, such as
accretion and galaxy mergers, can add gas to galaxies, while other processes, such
as supernova-driven outflows, tidal stripping, and ram-pressure stripping, can remove
gas from galaxies. On one hand, these physical processes have profound effects on the
characteristics of galaxies, such as the bimodality of galaxy colors, the shape of the
luminosity function, and the strong relationship between stellar mass and gas-phase
metallicity (Tremonti et al. 2004). On the other hand, the feedback of chemically
enriched matter and energy from galaxies into the IGM plays an important role in
shaping structures that subsequently grow out of the IGM.
It has been recognized that there exist many halo clouds around our Milky Way
(MW), which are thought to be infalling gas providing fresh fuel for the Galactic disk
(Wakker & van Woerden 1997). Continuous gas accretion is required to understand
1

the metallicity distribution of G-dwarf stars in the solar vicinity (Larson 1972) and the
Galaxy’s ability to continue forming stars at an average rate of 1 − 3 M⊙ /yr. Grebel
et al.(2003) found the stellar populations of dwarf spheroidal galaxies in and near the
Local group require gas accretion to extend their periods of star formation. In recent
theoretical studies, the ‘hot’ and ‘cold’ modes of accretion have been emphasized to
explain the growth of galaxies from the IGM (Keres et al., 2005; Dekel & Birnboim
, 2006; Hardcastle et al., 2007; Ocvirck et al., 2008; Brooks et al., 2009; Dekel et
al., 2009; Kereš & Hernquist , 2009; Kereš et al., 2009). Recycled wind accretion as
the third physically distinct accretion channel in addition to the two modes has been
brought up recently to better interpret the present-day galaxy stellar mass function
(Oppenheimer et al. 2010). The wind mode suggests that the re-accretion of gas
previously ejected in winds is the dominant fuel for new star formation in star-forming
galaxies at z < 1. In addition to above direct accretion, major and minor mergers
are also efficient ways to add gas to galaxies.
Yet accretion and mergers are only the tip of the iceberg in the entire story of
galaxy-IGM interactions, as it is now well known that strong feedback is needed to
solve the long-standing “overcooling” problem: only a small fraction of the baryonic
matter associated with galaxies is observed in the cold (stars plus cold gas) phase
(Maller & Bullock 2004; Mo et al. 2005; Fukugita & Peebles 2006), which is far
short of the expected amount predicted from theories (White & Rees 1978; White &
Frenk 1991). A number of feedback mechanisms have been proposed, for example,
preheating ( Mo et al. 2005), radiative heating by the extragalactic ultraviolet (UV)
background (Quinn, Katz & Efstathiou 1996; Hoeft et al. 2006), supernovae (SNe)
and stellar winds from massive stars (Mac Low & Ferrara 1999), and active galactic
nuclei (AGN) feedback (Wyithe & Loeb 2003; Lu & Mo 2007). These processes
can heat the gas and remove interstellar matter thereby regulating star formation.
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Another channel for gas loss is through dynamical processes, such as tidal stripping
and ram-pressure stripping (Gunn & Gott 1972; Quilis et al. 2000).
The moment of gas flowing into and out of galaxies is a key issue in current
galaxy evolution and cosmology studies. The lack of observational constrains on inflow/outflow physics is presently one of the key impediments to understanding galaxy
formation and evolution in general. Analytic modelling and numerical simulations
have made great strides in this aspect. However, observational constraints are still
relatively limited, e.g. the IGM metallicity is currently based on very small samples,
and most observational constraints on processes such as gas accretion and feedback
via galactic winds are limited to regions relatively close to galaxies. High resolution quasar absorption spectroscopy has been proven to be a powerful tool to collect
detailed information about the physical conditions and chemical enrichment of intergalactic gas. There are two unique advantages of using quasar absorption spectrum
to probe the properties of gas and their implications with regard to galaxy evolution.
First of all, the technique can provide equally complete information for high-redshift
absorbers as for nearby absorbers at z=0, i.e., it does not suffer from distance/redshift
biases. Secondly, its tremendous sensitivity enables us to probe the low-density gas
farther away from galaxies that is orders of magnitude below the detection threshold of
most other available techniques (e.g. radio, optical, and X-ray emission observations).
X-ray observations have shown evidence that superwinds driven by supernova explosions in starbursting dwarf galaxies is highly metal-enriched (Martin, Kobulnicky, &
Heckman 2002), but so far we have little knowledge about how far the metals can be
carried out from galaxies into intergalactic space by the outflows and how well they
are mixed with the IGM. Moreover, it has been puzzling that elliptical-rich groups reveal the presence of diffuse, extended, hot gas in X-rays, while the groups dominated
by spiral galaxies do not (Pildis et al. 1995; Mulchaey et al. 1996). Possibly the gas
in the spiral-rich groups has a lower density or cooler temperature, but in either case
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Figure 1.1 The mass fraction of baryonic matter in the form of stars and galaxies (“condensed”), cool photoionized intergalactic gas (“diffuse”), hot gas in clusters (“hot”), and the “warm-hot” intergalactic gas as a function of redshift as predicted from hydrodynamic simulations of cosmological structure growth by Davé et
al. (2001).
it can be detected through quasar absorption lines. Overall, low-redshift absorption
systems in the spectra of quasars can provide a more complete view of how matter
and energy are exchanged between galaxies and the IGM and how such interactions
affect the properties of galaxy groups/clusters.
In addition, these advantages of quasar absorption spectroscopy makes it a promising approach to study the baryon budget of nearby universe. It is now well established
that the IGM is primarily consists of two gaseous components, a cool photoionized
gas at T ∼ 104 K and a warm-hot shock-heated gas at T ∼ 105 − 107 K usually
referred as the “warm-hot intergalactic medium” (WHIM). As shown in Fig.1.1, hydrodynamic simulations (Cen & Ostriker 1999; Davé et al. 2001) show the cool gas is
dominant at high redshift, which is consistent with high-z Lyα observations (Rauch
et al. 1997; Weinberg et al. 1997), and the WHIM is expected to catch up with
the decreasing redshift and occupy roughly 1/3 of the total baryonic matter at the
current era. However, the WHIM is difficult to directly detect due to its low den-
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sity (nH ∼ 10−6 − 10−4 cm−3 ) and high temperature, which may be the reason for
the existence of the long-standing ”missing baryons” problem, that is the number of
baryons detected at the low-redshift (z < 1) universe is far smaller than the number
detected in corresponding volumes at higher redshift (e.g., Persic & Salucci 1992;
Fukugita et al. 1998). The best way of finding the WHIM is to study the absorption
lines in the UV band. Observations with the Space Telescope Imaging Spectrograph
(STIS) on board Hubble Space Telescope(HST) and Far Ultraviolet Spectroscopic Explorer (FUSE) have demonstrated the promise of using UV diagnostics to identify the
diffuse warm-hot component of the IGM at low redshifts. The O VI λλ 1031.926,
1037.617 doublet is the optimal line for this purpose, because O VI has a higher ionization potential than other species observable by STIS and FUSE, and oxygen has
the highest cosmic abundance of all elements other than hydrogen and helium.
In the last several years, high-resolution ultraviolet QSO spectra have been extensively used to study the issues mentioned above. Complete ultraviolet surveys of
O VI absorption in and near the Milky Way (Savage et al. 2000; Wakker et al. 2003;
Bowen et al. 2008) and in the low-z universe (Danforth & Shull 2005, 2008; Danforth
et al. 2006; Tripp et al. 2008; Thom & Chen 2008a, b) have significantly enhanced
our understanding of the nature of gas in the warm-hot phase of the IGM (WHIM).
Detailed studies on the physical properties, metal enrichment, and galaxy-absorber
connections of individual extragalactic absorption systems of interest have also been
accomplished with high resolution ultraviolet spectra and a variety of galaxy redshift
surveys (Tripp et al. 2000, 2001, 2005, 2006; Tumlinson et al. 2005; Jenkins et
al. 2005; Savage et al. 2005; Prochaske et al. 2006; Aracil et al. 2006; Lehner et
al. 2009). These studies provide crucial observational insights and constrains on the
properties of the pervasive IGM, the origin of the WHIM, as well as the IGM-galaxy
connections.
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In this dissertation, QSO absorption lines are used to study the properties of
gas associated with systems on different scales, their implications with regard to the
evolution of galaxies, as well as galaxy/group-absorber connections. The study extends from the local small-scale circumgalactic gas around our MW to the interstellar
medium in an extragalactic spiral galaxy to the IGM situated in the large-scale filaments and sheets of the cosmic web. The thesis focuses on detailed exploration of
gas-IGM interaction in single galaxies as well as the statistics of gas properties and
their dependence on galactic and group environment.

1.2

Organization of the Dissertation

The projects in the dissertation are organized as follows:
In the first chapter, the lines of sight toward quasars HS0624+6907 and H1821+643,
both of which pass through the Outer Arm (OA) of the MW, are studied. Using the
high-resolution spectra obtained with STIS and FUSE data for the two sight lines, we
find that the overall metallicity of the Galactic ”Outer Arm” is Z = 0.3 − 0.5Z⊙ with
underabundant nitrogen and little depletion by dust. The results are consistent with
those based on H II region measurements in the outer galaxy and provide additional
constrains on models of the Galactic abundance gradient and chemical evolution. Although the OA has often been attributed to the Milky Way warp, its angular extent
(up to b ≈ 31◦ ) implies that the gas is located much farther above the plane than
the expected z−extent of the warp. However, the location and kinematics of the OA
are generally consistent with those of the Monoceros Ring. Hence, we hypothesize
that the OA is gaseous debris stripped out of the satellite galaxy that is the source
of the stellar Monoceros Ring. To test this, in the second chapter of the dissertation,
a simple model is presented, which takes into account the effects of tidal stripping,
ram pressure, and dynamical friction on gas in the Monoceros Ring satellite. We find
that the observed OA properties are consistent with this idea if the Canis Major over-
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density is the remnant of the merging satellite. The gas-phase metallicity of the OA
obtained from previous chapter is similar to the higher metallcities measured in the
younger stellar components of the Monoceros Ring and the CMa overdensity, which
implies that the OA gas originates from the more tightly bound inner region of the
satellite.
The next chapter presents a comprehensive study of the distribution and physical
conditions of the ISM in NGC4319, a unique transforming galaxy beyond our Local
group. Our investigation is based on multiwavelength observations of the target, including the high resolution UV spectra of background source-Mrk205 observed with
STIS and FUSE, H I 21 cm maps obtained with Very Large Array,
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CO emission

detection using the Five College Radio Astronomy Observatory (FCRAO) 14 m telescope, and infrared maps provided by Spitzer. NGC4319 appears to be in the process
of transforming into an S0 galaxy and it is an excellent target to study how galaxies
loose their gas and the origins of the S0 galaxies. Our study sheds light on questions regarding the morphology transformation physics, such as: when and how did
spiral, lenticular, and elliptical galaxies form? What processes govern the evolution
of galaxies from the gas-rich spirals into the gas-poor S0s and ellipticals? How do
these processes affect the evolution of galaxies, ISM properties, and the star-formation
history in galaxies?
The fourth part of the dissertation is a statistical study of the large-scale distribution and physical conditions of gas in the cosmic web at low redshift using an unbiased
sample. Our main focus is on the correlation between the O VI/H I absorbers and the
2MASS galaxy groups. It is now well-known that the vast majority of galaxies reside
in groups, the smallest aggregates of galaxies with total masses of 1012 to 1014 M⊙
(e.g. Eke et al. 2004a, 2004b; Brough et al. 2006). They are repositories for a substantial fraction of all baryons and metals at low redshift and they are systems where
baryon physics, e.g., cooling, galactic winds driven by supernovae, and AGN feedback,
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begins to dominate over gravity. Therefore, they represent unique laboratories for the
study of galactic feedback and chemical enrichment of the IGM and the impact of the
surrounding environment on the properties of the absorbers. Using the same data
set, we also investigate the relationship between the O VI/H I absorption systems
and individual galaxies and the detectability of O VI absorption feature associated
with nearby galaxies using stacking and Pixel Optical Depth (POD) techniques. An
advantage of studying the low-z IGM is that a wealth of detailed information about
the environment of the absorbers is available from existing rich databases of various
redshift surveys, including the locations of nearby galaxy and groups, the redshifts
and deep images of the group members, and knowledge of the surrounding larger scale
structures.
Finally, in the last chapter I present new detections of O vi and N v emission
from the black-hole X-ray binary (XRB) system LMC X-3 based on high-resolution
ultraviolet spectroscopy obtained with FUSE and the Cosmic Origins Spectrograph
(COS). The emission was discovered in the analysis of the UV spectra of LMC X-3
with an initial goal to study the warm-hot gas in and around the Milky Way. LMC
X-3 is in the outskirts of the Large Magellanic Cloud, and due to its persistently high
luminosity and proximity to us, it is an ideal background source to probe the hot gas
content along a line of sight through the gaseous halo of the Galaxy. In our FUSE
and COS programs, we originally proposed to observe LMC X-3 in order to probe
the gas properties in the Galactic halo through absorption lines. However, during the
data reduction processes, we find an O VI emission feature and a N V emission feature in the vicinity of expected O VI and N V absorption lines at the LMC velocities,
respectively. Moreover, they consistently show significant velocity variability and regular intensity change. Our accurate identification and measurement of the interested
absorption lines due to the gaseous halo of the Milky Way is inevitably hampered by
the UV emission. Therefore, it is necessary and important to understand their origin.
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Our exploration of the emission is not only beneficial to the study of gas in Galactic
halo , but also has important implications regarding the XRB itself.
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CHAPTER 2
THE EXTRAPLANAR 21CM “OUTER ARM”: I.
METALLICITY AND PHYSICAL CONDITIONS

2.1

Introduction

Absorption-line measurements of metal abundances, physical conditions, and kinematics of diffuse gas in well-constrained locations of the outer Milky Way (e.g., Savage
et al. 1995) are relatively rare, particularly near the plane of the Galaxy (Wakker
2001). Such measurements can provide unique insights into galaxy evolution for several related reasons:
First, the chemical enrichment patterns at large Galactocentric distances, and the
corresponding implications regarding the Galactic abundance gradient, are fundamental observables that can be compared to theory in order to understand a variety
of processes that affect the evolution of a galaxy (e.g., Chiappini et al. 2001; Carigi et
al. 2004). For example, the processes by which galaxies acquire gas and fuel new star
formation are not entirely understood, and this has become a key question in current
galaxy evolution studies. Recent theoretical work has indicated that gas accretion
might not occur through a spherical accretion shock as traditionally envisioned but
instead could occur in a “cold mode” in which the matter flows into galaxies in filaments that radiatively cool and never approach the virial temperature (e.g., Kereš
et al. 2005,2009; Birnboim & Dekel 2003). To test models of gas accretion, it is
necessary to measure the properties of incoming matter in various locations. Some
of the models indicate that accreting matter can have substantial angular momentum and could settle into the outer disk (e.g., Kereš et al. 2005). In this case, it
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is also important to probe how the incoming gas is transported into the inner disk
to enable new star formation or even central black growth and activity (Hopkins &
Quataert 2010). Conversely, star formation can generate galactic fountain outflows
that remove enriched matter from the inner galaxy. Some of outflowing material
could escape entirely, but it is also probable that some of this enriched matter will
return to the outer disk and add to the matter reservoir for subsequent star formation
(e.g., Bregman 1980; Oppenheimer et al. 2010). These competing inflow and outflow
processes should have significantly different abundance signatures: inflowing intergalactic matter should have relatively low metallicity while the outflowing fountain
material is expected to be metal enriched. Thus, these flows should have opposite
effects on galactic abundance gradients, and ultimately a complete galactic evolution
model should be able to explain observed metallicities in both the inner and outer
regions of a galaxy. Similarly, it is important to constrain the microphysics of inflowing/outflowing matter – how (and where) are the flows ionized, ablated, and mixed
into the general ISM? How do they subsequently cool to reach conditions suitable for
new star formation? Absorption-line measurements can reveal the presence of dust in
the outer galaxy through abundance patterns indicative of depletion onto dust grains
(e.g., Savage & Sembach 1996; Jenkins 2009), so outer-galaxy absorption studies can
also shed insight on the roles played by dust in inflows and outflows.
Second, absorption-line observations of damped Lyα absorbers (DLAs; QSO absorbers with N (H I) > 2 × 1020 cm−2 ) and sub-DLAs (1 × 1019 . N (H I) ≤ 2 × 1020 )
provide sensitive probes of the chemical enrichment history of the Universe from z = 0
to z > 4 (e.g., Prochaska et al. 2003; Wolfe et al. 2005, Meiring et al. 2009), but the
context of the DLAs (i.e., the environment and nature of the absorbers) is generally
hard to study, and currently only limited information is available regarding the origins
of DLAs (e.g., Chen & Lanzetta 2003; Rao et al. 2003). Considering the cross section
of a disk or halo of gas, it is likely that many of the DLAs arise in the outer regions
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of galaxies. The Milky Way is a damped Lyα absorber. Since the absorption context can be scrutinized in great detail, the Milky Way provides a valuable laboratory
for understanding the nature of DLAs/sub-DLAs, but measurements of abundances
patterns in the more distant outer Galaxy are still relatively limited.
Third, while some abundances in the outer galaxy and abundance gradients have
been measured using H Roman2 region emission lines, there has long been concern
about whether H Roman2 region abundances are biased by “self pollution”, i.e.
whether the abundances are boosted by freshly formed metals from massive stars
embedded within the H Roman2 region. Abundances from absorption lines in distant
background objects probe random locations with respect to foreground H Roman2
regions and can test the self-pollution hypothesis, and some absorption-line studies
have indeed suggested that self pollution does occur (e.g., Cannon et al. 2005 and references therein). The discovery that many galaxies have “extended ultraviolet disks”
of gas-rich galaxies (Thilker et al. 2007) underscores the importance of investigating
this issue – H Roman2 regions may be biased in favor of the UV-bright star clusters
that comprise the extended UV disks and might not accurately represent abundance
gradients for testing theoretical work as discussed above.
Fourth, outer galaxy abundances can be used to investigate whether some gaseous
structures of the Milky Way could be due to interactions with satellite galaxies. This
is related to the questions raised above: one means to bring gas into galaxies is to strip
the interstellar media of dwarf satellite galaxies as they plunge into, and merge with,
the central galaxy (e.g., as they merge with the Milky Way). Satellite interactions
can also stimulate the growth of galactic structures such as warps (e.g., Weinberg
& Blitz 2006; Quillen et al. 2009). Since satellite galaxies can have significantly
different abundances compared to each other and the Galactic disk, the outer galaxy
abundances provide clues about the origins of galactic structures.
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For these reasons we have conducted a study of the abundances in the outer galaxy
using absorption lines recorded in high-resolution spectra of two QSOs observed with
the Hubble Space Telescope (HST) and the Far Ultraviolet Spectroscopic Explorer
(FUSE). We selected two QSOs for this study, HS0624+6907 and H1821+643. These
sight lines are unique among the QSOs and AGNs that have been in observed in
the ultraviolet at high spectral resolution and with good signal-to-noise (S/N) ratios
because the QSOs are at relatively low Galactic latitudes and thus provide an opportunity to study outer-galaxy gas near the plane. Moreover, these QSOs lie behind a
high-velocity gaseous structure with a large angular extent in the outer galaxy known
as the “Outer Arm”. This structure is also unique because its distance has recently
been constrained, which is valuable for understanding its nature and impliations. In
this paper, we present part 1 of the study, which focuses on the abundances and physical conditions in the Outer Arm. Motivated by our metallicity measurements, we
have also examined whether the Outer Arm could be related to the remnants of the
merging satellite galaxy known as the “Monoceros Ring” (e.g., Newberg et al. 2002;
Peñarrubia et al. 2005). This second part of our study is presented in a companion
paper (Song et al. 2010). This first paper is organized as follows. In § 2.2, we provide
some comments on the Outer Arm and the QSO sight lines that probe this part of
the Galaxy. We present the QSO observations and absorption-line measurements in
§ 2.3 and § 2.4, respectively, and we present new constraints on the distance of the
Outer Arm, and the nearby high-velocity cloud Complex G, in § 2.5. In § 2.6, we examine the physical conditions of the OA, and we use models to evaluate the impact of
ionization corrections on the metallicity measurements. We also make some remarks
on the nature of the highly ionized gas in the Outer Arm. We discuss our results in
§ 2.7 with an emphasis on the possible origin and implications of the Outer Arm.

13

Figure 2.1 Locations of the QSO sight lines H1821+643 and HS0624+6907 with respect to the 21 cm emission from the Outer Arm. The map, from Wakker et al.
(2003), shows 21 cm emission from the Galactic high-velocity clouds (HVCs) and the
Outer Arm in Galactic coordinates (longitude increases from right to left along the
x-axis). LSR velocities are indicated by color using the scale at the bottom of the
figure, and several of the HVC complexes near the Outer Arm are labeled.

2.2

QSO Sight Lines Through the Outer Arm

The Outer Arm is a large, contiguous neutral hydrogen complex located in Galactic coordinates at 49◦ . l . 161◦ and 4◦ . b . 31◦ over a velocity range −150 .
vLSR . −100 km s−1 . Figure 2.1 shows an all-sky map of high-velocity 21 cm emission from Wakker et al. (2003 and references therein) including the Outer Arm. The
structure has long been known from 21cm emission studies (e.g., Westerhout 1957;
Kepner 1970; Burton & te Lintel Hekkert 1986), and it is often interpreted to be gas in
one of the outermost Galactic spiral arms and/or the warped region of the outer disk
at a Galactocentric distance RG ≈ 15 kpc (e.g., Kepner 1970; Diplas & Savage 1991;
Haud 1992). Other hypotheses regarding the nature of this object remain possible,
however. Indeed, recently obtained contraints on the OA distance and kinematics
(Lehner & Howk 2010) call into question whether this gas cloud is indeed related
to the Galactic warp and outer spiral arm (see below). Moreover, the similarity of
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the kinematics and distance of the OA and the nearby HVCs Complex C and Complex G (see §2.5) suggests that the OA and Complexes C and G could be related.
Such a complex configuration of HVCs would not be expected in the warp/spiral arm
interpretation.
The 21 cm emission from the Outer Arm is detected at velocities similar to expected velocities for a rotating Galactic disk in this general direction, and consequently, the OA is often ignored in studies of Galactic high-velocity clouds (HVCs).
However, Lehner & Howk (2010) have recently used the Cosmic Origins Spectrograph on HST to detect the OA in ultraviolet absorption lines toward HS1914+7139
(l = 103◦ , b = +24◦ ), a B2.5 IV star at an estimated Heliocentric distance of 14.9 kpc.
Moreover, they detect OA absorption toward this star at two velocities, vLSR = −118
and −180 km s−1 . This observation places an upper limit on the distance to the OA:
the Galactocentric radius RG (OA) < 17.6 kpc. This is in agreement with the distance
typically derived for the OA, assuming it is part of the Galactic warp, i.e., RG ≈ 15
kpc (Haud 1992). The vLSR = −118 km s−1 is roughly consistent with corotation at
the usually adopted OA distance, although this velocity implies that the OA should
be at a Galactocentric radius that is ≈ 5 kpc farther out than the RG upper limit.
The other velocity component detected by Lehner & Howk, vLSR = −180 km s−1 ,
is more interesting: this velocity is highly inconsistent with a rotating-disk origin;
corotating disk gas would be far beyond the star at this velocity. A small portion of
the OA shows 21cm emission at velocities near −180 km s−1 (see Figure 1 in Tripp
et al. 2003), but mostly the OA is not detected at this velocity in 21 cm emission.
However, the HVC Complex C, which is close to the OA as shown in Figure 2.1, has
a pervasive and highly extended “high-velocity ridge” at v ≈ −180 km s−1 (Tripp
et al. 2003). This high-velocity ridge has a similar morphology to the lower-velocity
part of Complex C and is almost certainly a component of Complex C. The discovery
by Lehner & Howk that the Outer Arm has a similar higher-velocity component at
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v ≈ −180 km s−1 suggests that the OA and Complex C could be closely related. The
higher-velocity part of the OA is not apparent in most of the 21cm emission map; this
likely indicates that the H I column density in the vLSR = −180 km s−1 component
is too low to be detected in 21cm emission. The vLSR = −180 km s−1 component is
significantly weaker in the UV absorption lines than the vLSR = −118 km s−1 component (see Figure 1 in Lehner & Howk 2010), which is consistent with its absence
in the 21cm emission map. All together, these observations suggest that Complex C
and the OA (and possibly some of the other nearby HVCs) have a common origin,
and the gas becomes more highly ionized and ablated approaching the plane (an idea
which is supported by the O Roman6/H I ratios in Complex C – see Tripp et al. 2003;
Sembach et al. 2003).
The highly anomalous velocity observed by Lehner & Howk indicates that the OA
is truly a high-velocity cloud. If the OA is an outer spiral arm or part of the Galactic
warp, then a mechanism to produce the high-velocity (−180 km s−1 ) component must
be identified. Moreover, the striking similarity of the Outer Arm and Complex C,
both at the “main” HVC velocity and in the high-velocity ridge, must be explained.
If Complex C and the Outer Arm are really related, then the OA might not be a
spiral arm, and it is worthwhile to investigate other possible origins for this large H
I cloud.
Ultraviolet absorption lines provide a powerful means to learn about the nature of
the Outer Arm. To study the OA in UV absorption, we have selected two bright lowredshift QSOs, H1821+643 (l = 94◦ .00, b = 27◦ .42, zQSO = 0.297) and HS0624+6907
(l = 145◦ .71, b = 23◦ .35, zQSO = 0.370), lying in the Galactic directions that pierce the
Outer Arm (Figure 2.1). The sight line to the bright, low-redshift quasar H1821+643
(z = 0.297, V = 14.24) has been often used in the studies of the galactic and intergalactic medium (e.g., Tripp et al. 2000,2001; Oegerle et al. 2000; Savage et
al. 1995,1998; Narayanan et al. 2010), and consequently there are high-quality
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Figure 2.2 Map of the 21cm emission from the Outer Arm (red dots) and Complex G
(green dots) from the Leiden-Agentine-Bonn Survey (Kalberla & Haud 2006). The
locations of stars that we have used to search for absorption at Outer Arm velocities (see Table 2.4) are marked with blue circles, and the sight lines to the QSOs
H1821+643 and HS0624+6907 are plotted with black stars. Note that the sight line
to the central star of the planetary nebula K1-16 is very close to the H1821+643
sight line and falls nearly on top of the H1821+643 point. Toward HD210809, highly
significant UV absorption lines are detected at the velocity of Complex G.
high-resolution UV spectra of this target available from the HST and FUSE archives.
HS0624+6907 was included in the survey of Tripp et al. (2008), and thus high-quality
UV spectra are also available for this sight line.
A number of stars in the general direction of the Outer Arm have also been
observed with high resolution and high S/N with the Space Telescope Imaging Spectrograph (STIS) on HST. We will examine the STIS spectra of these stars to bolster
the OA distance constraints from Lehner & Howk (2010). For reference, we overplot
the locations of the targets on the 21 cm emission map of the Outer Arm from the
Leiden/Argentine/Bonn (LAB) survey (Kalberla et al. 2005; Kalberla & Haud 2006)
in Figure 2.2.
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Table 2.1. Log of STIS Echelle Observations of Stars in the Direction of the Outer
Arm
Star

HD198781 . .
HD201908 . .
HD203374 . .
HD207198 . .
HD208440 . .
HD209339 . .
HD210809 . .
BD+35 4258

Observation
Date
1999
1999
2002
2000
1999
2002
1999
2003

Sept. 5
Sept. 21
Dec. 24
Oct. 30
Nov. 5
Aug. 7
Oct. 30
Mar. 15

Integration STIS
MAST IDb
Time
Gratinga
(seconds)
360
360
600
4711
720
1200
720
1200

E140H
E140H
E140M
E140H
E140H
E140H
E140H
E140M

O5C049010
O5C051010
O6LZ90010
O59S06010,20
O5C06M010
O6LZ92010
O5C01V010
O6LZ89010

a

All of the observations used the 0.2′ × 0.2′ STIS aperture except the
observation of HD207198, which was recorded with the 0.2′ × 0.09′ slit.
b

Identification code for the data in the Multimission Archive at Space
Telescope (see http://archive.stsci.edu/index.html).

2.3

Observations

All of our targets, both stellar and quasistellar, have been observed with the
E140M or E140H echelle modes of STIS. The QSOs have also been observed with
FUSE. Information about the observations of H1821+643 and HS0624+6907 and
reduction of the data can be found in Tripp et al. (2001,2008) and Aracil et al.
(2006). Table 2.1 provides a log of the STIS observations of stars that we use to
constrain the distance to the OA and HVC Complex G in §2.5. The STIS spectra of
these stars have also been reduced as described in Tripp et al. (2001). Information
on the design and performance of STIS can be found in Woodgate et al. (1998) and
Kimble et al. (1998); the design and performance of FUSE has been discussed by
Moos et al. (2000,2002) and Sahnow et al. (2000).
The STIS observations of H1821+643 and HS0624+6907 were obtained with the
E140M echelle mode with the 0.′′ 2 × 0.′′ 06 slit; this mode provides 7kms−1 resolution
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(FWHM) and covers the 1150 − 1729 Å range. The FUSE data for these sight
lines were obtained through the large (LW RS; 30′′ × 30′′ ) apertures in all four FUSE
channels (see Moos et al. 2000), which provide a resolution of ≈ 20 km s−1 and cover
the 905 − 1187 Å range. However, the S/N is very low in the FUSE SiC spectra
of HS0624+6907, which cover λ . 1000 Å, so for that sight line we only use FUSE
data from the LiF channels. To maximize the S/N of the HS0624+6907 spectra, we
combine the FUSE spectra recorded during both the day and night sides of the FUSE
orbit. This leads to inclusion of strong emission lines from the Earth’s atmosphere
that are excited by sunlight and thus are predominantly present on the day side
of the orbit. Fortunately, most of the Outer Arm absorption lines of interest are
at a velocity that shifts the lines well away from the terrestrial dayglow emissions.
For H1821+643, the FUSE data have substantially higher S/N, so we use the data
from all four FUSE channels but only include the orbital-night photons in order to
suppress the strong dayglow emission lines. Figure 2.3 shows the final coadded data
for Galactic absorption lines of interest toward H1821+643, and Figure 2.4 shows the
lines that we will examine in the spectrum of HS0624+6907.
The measurements of hydrogen 21 cm emission along the two QSO sight were
obtained by Wakker et al. (2001) using the Effelsberg telescope, which has a 9′
beam. Both of the spectra show multiple well-defined velocity components, and we
focus on the high-velocity 21 cm components which are associated with the Outer
Arm. According to this paper, the detected Outer Arm component in the direction
of H1821+643 has vLSR = −128 km s−1 and N (H I) = (3.3 ± 0.5) × 1018 cm−2 .
Toward HS0624+6907, the Outer Arm is detected at vLSR = −100 km s−1 with N (H
I)= (19.8 ± 1.8) × 1018 cm−2 . However, Wakker et al. (2001) have compared their
Effelsberg data to H I measurements of the same targets with smaller beams (1′ − 2′ ,
see their Table 1), and they conclude that the Effelsberg results are accurate to within
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Figure 2.3 Continuum-normalized UV absorption profiles of Galactic lines detected
in the STIS E140M echelle spectrum of H1821+643, plotted vs. LSR velocity. The
profile transition is indicated in each panel. In some panels, other Milky Way lines
that happen to fall within the plotted velocity range are labeled; unrelated absorption
features are marked with an ’x’. The Al ii λ1670.79 line is near a gap between the
STIS echelle orders, and there is no data between v = 100 and 200 km s−1 . The Outer
Arm components, at vLSR ≈ −130 km s−1 , are marked with a vertical tick mark.
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Figure 2.4 UV absorption lines detected in the STIS E140M echelle spectrum of
HS0624+6907, as in Figure 2.3. The high velocity components affiliated with the
Outer Arm are indicated with vertical tick marks, at vLSR ≈ −100 km s−1 .
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25% . For this reason, we include an additional 25% uncertainty in these H I column
densities.

2.4

Absorption-Line Measurements

We use two techniques to extract information from the ultraviolet absorption lines
presented in this paper. First, we construct apparent column density profiles using
the apparent optical depth (AOD) method (Savage & Sembach 1991). In brief, in
this method the optical depth of absorption in a pixel at velocity v is first determined
from the usual relation, τa (v) = ln[Ic (v)/Iob (v)], where Iob (v) is the observed flux and
Ic (v) is the continuum flux. We estimate the continuum flux [and normalize Iob (v)]
by fitting a low-order polynomial to the adjacent continuum near an absorption line
of interest; typically we use the region within rougly ±1000 km s−1 of the line for
continuum fitting. The apparent column density at v is then determined from the
apparent optical depth, Na (v) = (me c/πe2 )(f λ)−1 τa (v) = 3.768 × 1014 (f λ)−1 τa (v),
where f is the oscillator strength and λ is the transition wavelength in Å. The other
symbols have their common meanings. The effects of line saturtion can be recognized
by comparing at least two resonance lines of a given species which differ in the product
f λ. See Savage & Sembach (1991) and Jenkins (1996) for detailed discussions of the
use and benefits of the AOD method.
We will find the Na (v) method to be illustrative, but as we can see from Figures 2.3
- 2.4, many of the Outer Arm absorption lines of interest are blended with adjacent
components at lower velocities, so we need to be able to deblend these features.
Consequently, we use the Voigt-profile fitting software of Fitzpatrick & Spitzer (1997),
including the effects of the STIS line-spread function (Proffitt et al. 2010), to measure
the velocity centroids, column densities, and line widths (expressed as b−values) of
the lines.
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2.4.1

H1821+643

The Outer Arm absorption toward H1821+643 has been studied previously by
Savage et al. (1995) and Tripp et al. (2003). However, the initial investigations
assumed a single component for the OA absorption profile and only employed a subset
of the currently available lines detected in the OA, so it is worthwhile to revisit these
data.
Careful examination of the STIS H1821+643 data reveals that the OA component
structure is more complicated than a single component. To show this, we compare
the apparent column density profiles of selected species in Figure 2.5, and we plot
expanded absorption profiles in Figure 2.6. Several features in these figures provide
evidence of multiple components in the OA velocity range. First, the Na (v) profiles
consistently show a sharp edge at v = −150 km s−1 in several different species. For
example, both of the Si Roman2 profiles in panel (a) of Figure 2.5 show a consistent
edge at this v, and the Fe Roman2 and Al Roman2 profiles (panel c) exhibit the
same feature. Such a sharp discontinuity cannot occur in a profile due to a single
Voigt component. Instead, this feature requires at least one narrow component near
vLSR ≈ −150 km s−1 that is blended with another component at vLSR > −150 km
s−1 . In fact, we can see from the Fe Roman2 λ1608.45 and Si Roman2 λ1526.71
lines that there are indications of three components in the OA: a narrow feature at
vLSR ≈ −135 km s−1 and a broad component at vLSR ≈ −125 kms−1 (in addition to
the component causing the narrow edge at vLSR ≈ −150 km s−1 ). To show this a
different way, we compare in Figure 2.6 a single-component fit to a three-component
fit of the OA absorption profiles of Fe Roman2 λ1608.45 and Al Roman2 λ1670.79.
The three-component fit is superior, both for fitting the sharp edge at vLSR ≈ −150
km s−1 ) and for fitting the detailed component structure at vLSR > −150 kms−1 .
We have therefore elected to revise the profile fits published previously, and our
results from fitting three components to the absorption lines detected in the OA are
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Al II λ 1670.8(×9.0)
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Figure 2.5 Comparison of various apparent column density profiles (§2.4) observed
toward H1821+643 in the Outer Arm, plotted vs. LSR velocity. The panels show
(a) Si ii λ1304.4 (red histogram) vs. Si ii λ1526.7 (triangles with 1σ error bars)), (b)
Fe ii λ1608.5 (red histogram) vs. Si ii λ1526.7 (×0.5, triangles), (c) Fe ii λ1608.5 (red
histogram) vs. Al ii λ1670.8 (×9.0, triangles), (d) Fe ii λ1608.5 (red histogram) vs.
C iv λ1548.2 (×1.8, squares), and (e) Fe ii λ1608.5 (red histogram) vs. Si iv λ1402.8
(×6.0, squares). A sharp edge is consistently present on the blue side of many of the
profiles (indicated with a blue arrow in the Fe ii vs. Al ii comparison).
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Figure 2.6 Comparison of a Voigt-profile fit to the H1821+643 Outer Arm component
(at v ≈ −130 km s−1 ) assuming a single component for the OA (smooth blue line) or
3 components for the OA (smooth red line). The fits are overplotted on the observed
profiles (histograms) of Fe ii λ1608.45, Al ii λ1670.79, and Si iv λλ1393.76, 1402.77,
as labeled in each panel. For components at velocities lower than the OA velocity, the
two models have identical component structure. Comparison of the one-component
and three-component fits show that the three-component fit provides a better fit to
the detailed sharp features that consistently appear in various profiles (as also shown
in Figure 2.5).
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Table 2.2. Outer-Arm Profile-Fitting Measurements: H1821+643 (continued on
next page)
Species
O I. . . . . .

N I. . . . . .
S II . . . . .
Al II . . . .

Si II. . . . .

Fe II . . . .

C IV . . . .

Fitted Lines
(Å)

v (LSR)
(km s−1 )

971.73, 976.45, 1302.17

−145 ± 1
−131 ± 1
−111 ± 1
1199.55a
−146 ± 2:
−133 ± 1:
1253.81,1259.52b
−131 ± 2:
1670.79
−148 ± 2
−132 ± 4
−113 ± 8
1190.42, 1193.29, 1260.42, −147 ± 1
1304.37, 1526.71
−134 ± 1
−117 ± 4
1121.98, 1125.45, 1142.37 −145 ± 1
1143.23, 1144.94, 1608.45 −134 ± 1
−128 ± 9
1548.20,1550.78
−213 ± 1
−151 ± 3
−131 ± 4
−111 ± 14

b
(km s−1 )

log [N (cm−2 )]

4±1
7±2
9±3
6+4
−3 :
+4
2−1 :
15 ± 1:
4+8
−3
12+8
−5
11+9
−5
5±1
9±3
11 ± 4
4+11
−3
3+4
−2
15+9
−6
9±1
5+10
−3
14+8
−5
33 ± 11

14.43±0.15
14.64±0.11
14.06±0.09
13.19±0.13
13.14±0.19
14.02±0.08:
12.12±0.35
12.82±0.26
12.45±0.58
13.27±0.20
13.88±0.16
13.71±0.19
13.15±0.55
13.25±0.31
13.64±0.31
13.25±0.03
12.59±0.37
13.28±0.40
13.80±0.09

summarized in Table 2.2. Interestingly, many of the line widths indicated by the
fits are relatively narrow, which potentially has implications regarding the physical
conditions of the gas (§2.6). We note that it can be difficult to extract reliable line
widths from strongly blended components, but the presence of the sharp edge in
many of the species profiles requires a narrow component in many of the species.
This alone has interesting implications about the nature of the OA. In addition, we
note that most of the OA metals in Table 2.2 are not saturated, and the column
densities summed over the three components or determined from a single component
are quite similar and are robust.
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Table 2.2—Continued
Species
Si IV . . . .

Fitted Lines
(Å)

v (LSR)
(km s−1 )

1393.76,1402.78c −150 ± 1
−125 ± 2
−99 ± 9

b
(km s−1 )

log [N (cm−2 )]

4±1
16 ± 3
10+19
−7

12.40±0.11
13.17±0.07
12.45±0.35

a

For N I, only a single, relatively weak transition is free of blending
in the STIS spectrum, and consequently the N I measurements should
be treated with caution (at Outer Arm velocities, the N I λλ 1200.22,
1200.71 transitions are blended with lower-velocity absorption in the
other lines of the N I triplet). In addition, the third component that is
evident in the other metal profiles (at v ≈ −117 km s−1 ) is too weak
to be fitted in the N I λ1199.55 profile.
b

The S II λ1259.52 profile is corrected for blending with an extragalactic O VI absorber (see text). The S II measurements should
also be treated with caution because they are weak and marginally
detected. Only a single component could be fitted to these weak lines.
c

As can be seen from Figure 2.6, there is a discrepancy between the
Si iv λ1393.76 and λ1402.78 profiles at −115 . vLSR . −80 km s−1 .
This discrepancy is due to an H i Lyα line at zabs = 0.14760 that
blends with the Galactic Si iv λ1393.76 profile. The identification of
this blend as this H i Lyα line is established by the presence of an
H i Lyβ line at this z in the FUSE spectrum of H1821+643 (K. R.
Sembach et al., in preparation).

Perhaps even more interesting is the indication of a similarly narrow component
in the profiles of the highly ionized species Si Roman4 and C Roman4 (see panels d
and e in Figure 2.5). Indeed, a narrow feature can be seen directly in the Si Roman4
λλ1393.76, 1402.77 doublet (see the lowest panels in Figure 2.6). In the high ions,
the narrow feature is offset to somewhat more negative velocities than in the low
ions, but it is clearly present. This is interesting because in collisionally ionized gas,
species ionized to this degree should be much broader due the higher temperature of
the plasma. We will return to this issue in §2.6.
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We note that the measurement of S Roman2 in the Outer Arm is somewhat complicated by blending with an extragalactic O Roman6 doublet at zabs = 0.21331 (Tripp et
al. 2008); the O Roman6 λ1037.62 line at this z is blended with the S Roman2 1259.52
transition at the Outer Arm velocity. The presence of the O Roman6 λ1037.62 in the
blend is clear from a comparison of the S Roman2 λ1253.83 and λ1259.52 Na (v)
profiles: the 1259.52 Å line indicates a greater apparent column than the 1253.83
Å transition, which is unphysical (the lines should indicate the same column or, if
there is some saturation, the λ1253.83 line should be greater than λ1259.52). This
discrepancy is caused by extra optical depth in the λ1259.52 profile contributed by
the extragalactic O Roman6 line. To overcome this problem, we used the O Roman6
λ1031.93 line at zabs = 0.21331, which is free from blending, to predict the profile
of the corresponding O Roman6 λ1037.62 line, and then we divided the predicted
O Roman6 λ1037.62 profile out of the O Roman6 + S Roman2 blend. After removing
the extragalactic O Roman6, we found the Na (v) profiles of S Roman2 λ1253.83 and
λ1259.52 to be in good agreement.
2.4.2

HS0624+6907

Toward HS0624+6907, the ultraviolet absorption in the Outer Arm concentrates
near vLSR = −100 km s−1 (see Figure 2.4). The measurements of the OA absorption
lines in the spectrum of this QSO are summarized in Table 2.3.
Unfortunately, many of the species that are imprint absorption on the HS0624+6907
spectrum at OA velocities are difficult to measure due to line saturation. The FUSE
SiC data do not have adequate S/N, so the only transitions available for O Roman1
are strongly saturated and do not yield useful measurements. The N Roman1 triplet
at 1200 Å is weaker, but comparison of the N Roman1 λ1199.55 and λ1200.22 Na (v)
profiles indicates that these lines are affected by saturation. Moreover, because the
the N Roman1 lines are quite noisy, it is difficult to accurately assess and correct
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Table 2.3. Outer-Arm Profile-Fitting Measurements: HS0624+6907
Species
N I. . . . . .
Si II. . . . .
S II . . . . .
Al II . . . .
Fe II . . . .
C IV . . . .
Si IV . . . .
a

Fitted Lines
(Å)

v (LSR)
(km s−1 )

b
(km s−1 )

log [N (cm−2 )]

1199.55,1200.22a
1190.42,1193.29,1260.42
1304.37,1526.71a
1253.81,1259.52
1670.79a
1121.98,1143.23,1144.94
1608.45
1548.20,1550.78
1393.76, 1402.77

−104 :
−101 :

5:
11 :

& 14.6 :
& 14.4 :

−100 ± 1
−104 :
−104 ± 1

7±1
10 :
8±1

14.18 ± 0.07
& 13.00 :
14.03 ± 0.06

−107 ± 1
−101 ± 1

5±1
16 ± 1

13.07 ± 0.11
13.06 ± 0.03

Due to line saturation, these measurements are highly uncertain.

for the saturation, so we conservatively treat the N Roman1 measurement as a lower
limit. The available Si Roman2 transitions are also strong and saturated. Fortunately, the Outer Arm is detected in the S Roman2 λλ1253.81, 1259.52 transitions,
and the S Roman2 Na (v) profiles are in good agreement, so we can obtain a reliable
measurement of the metallicity of the OA toward this QSO.1 Sulfur is advantageous
because it is thought that it does not deplete strongly onto dust and thus provides
a measurement of the overall (gas-phase) metallicity (Savage & Sembach 1996, but
see the caveats noted by Jenkins 2009). The Fe Roman2 λ1608.45 line should also be
weak enough to yield a good column density, and in this case we can employ a set of
weaker Fe Roman2 lines from the FUSE LiF spectra to ensure that the column is reliably measured. Since iron is highly prone to dust depletion, this provides insight on
the presence of dust in the OA. The Al Roman2 λ1670.79 line is the only Al Roman2
transition available and is strong enough to be confused by saturation, but in princi1

Absorption at the OA velocity is also apparent in the weakest S II transition at 1250.58 Å, but
the line detection is quite marginal, so we only use the two stronger S II lines for the measurements.
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ple this line can still be used to corroborate the presence/absence of dust indicated
by the Fe Roman2 measurement. As we can see from Figure 2.4, the Si Roman4
and C Roman4 doublets are clearly detected in the OA toward HS0624+6907. The
Si Roman4 Na (v) profiles are in excellent agreement, and thus the Si Roman4 lines
are not saturated. While the C Roman4 λ1550.78 transition is relatively noisy, the
C Roman4 Na (v) profiles also appear to be in satisfactory agreement and are unlikely
to be badly saturated.

2.5

Distance of the Outer Arm and Complex G

As discussed above, the new constraint on the distance to the Outer Arm from
Lehner & Howk (2010) raises a question about the nature of this gas cloud. However,
this constaint is derived from a single sight line through a highly extended object
(see Figures 2.2). Moreover, we have argued that the kinematic similarity and spatial
proximity of the OA and Complex C suggests a possible connection. Complex C has
been shown to be at a Heliocentric distance of . 10.5 kpc (Wakker et al. 2007; Thom
et al. 2008), or a Galactocentric radius of . 12.3 − 13.7 kpc for the three directions in
which is has been detected toward stars. Therefore, the Outer Arm might be several
kpc closer than the distance upper limit from Lehner & Howk (2010).
For both of these reasons, it is important to search for the OA in absorption toward
other stellar targets with known distances, so in this section we present a minisurvey
for OA absorption toward stars. Because the OA is highly extended, there are many
high-quality ultraviolet spectra of stars in its general direction in the HST archive.
We have selected a set of stars from the HST archive that have been observed with
one of the STIS echelle modes at high-S/N ratio. We have concentrated on stars that
are near one of our extragalactic targets, H1821+643, for two reasons: (1) the OA
is more well isolated from lower-velocity components toward H1821+643 (compare
Figures 2.3 - 2.4), and (2) the H1821+643 data have higher S/N and provide more
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detailed insights about the physical conditions and metallicity of the OA. The stellar
sight lines that we selected for this search are plotted in Figure 2.2 and are listed in
Table 2.4 with their Galactic coordiantes, Heliocentric and Galactocentric distances,
z heights, and the source of the distance information. The continuum-normalized
absorption profiles of strong interstellar lines of C Roman2 or Si Roman2 from the
spectra of these stars are plotted in Figure 2.7 along with one of the interstellar lines
from the H1821+643 spectrum for comparison.
Several interesting results are evident from the information in Figure 2.7 and Table 2.4. First, despite the very high S/N of the data, the Outer Arm is not detected
toward any of the stars we have examined. This places a lower limit on the Galactocentric radius of the OA: RG (OA) > 8.9 kpc. We note that Oegerle et al. (2000)
have searched for OA absorption in FUSE spectra of the central star of the planetary nebula K1-16, and the nondetection of the OA toward K1-16 places a similar
constraint, RG (OA) > 8.9 kpc. K1-16 is particularly useful because this sight line is
only 85” in projection from the H1821+643 sight line, and it also probes the OA at
a greater z height. Second, we do detect several of the intermediate-velocity components seen toward H1821+643 in the spectra of HD208440 and HD209339 (compare
the lower panels of Figure 2.7). The velocity centroids are similar but not identical
in these directions. This is not too surprising given the angular seperations between
the stars and the QSO; this is potentially more interesting for the two stars, which
are relatively close in the sky. This is tangential to this paper, so we defer further
analysis of the intermediate-velocity clouds to a future study.
The kinematical similarity of the Outer Arm, Complex C, Complex G, and Complex H evident in Figure 2.1 is intriguing. Since Complex C has been shown to be
relatively nearby (Wakker et al. 2007; Thom et al. 2008), and the OA is not that
much farther (if it is farther at all), it is possible to test whether these clouds are
related by constraining their distances. For this reason, we have searched the STIS
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Table 2.4. Heliocentric and Galactocentric Distances of Stars in the Direction of
the Outer Arm
Star

Galactic Coordinates
Long.
Lat.

da
(kpc)

GRb
(kpc)

Outer Arm Nondetections
K1−16 . . . . . .
94.03
+27.43
1.6
8.72
HD198781 . . . 99.94
+12.61
0.69
8.64
HD203374 . . . 100.51
+8.62
0.34
8.57
HD207198 . . . 103.14
+6.99
1.3
8.88
HD208440 . . . 104.03
+6.44
1.1
8.83
HD209339 . . . 104.58
+5.87
1.2
8.88
HD201908 . . . 112.40
+20.19
0.13
8.55
Outer Arm Detection (Lehner & Howk 2010)
HS1914+7139 102.99
+23.91
14.9
17.6
Complex G Detection?
BD+35 4258 . 77.19
−4.74
2.9
8.35
HD210809 . . . 99.85
−3.13
4.3
10.16
a

z
(kpc)

Ref.c

0.74
0.15
0.05
0.16
0.12
0.12
0.04

1
2
3
2
4
4
5

6.04

6

−0.24
−0.23

7
2

Heliocentric distance to the star.

b

2
Galactocentric radius, RG
= R02 + (r cos b)2 − 2rR0 cos l cos b, where
(l, b) are the Galactic coordinates and r is the Heliocentric distance of the
target, assuming the distance from the Sun to the Galactic center R0 = 8.5
kpc.
c

Source of the Heliocentric stellar distance: (1) Oegerle et al. (2000),
(2) Bowen et al. (2008), (3) Jenkins & Tripp (2001), (4) Jenkins & Tripp
(2010), (5) Fitzpatrick & Massa (2005), (6) Lehner & Howk (2010), (7)
Jenkins (2009).
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Figure 2.7 Continuum-normalized STIS absorption profiles of strong interstellar lines
in the spectra of the stars in the direction of the Outer Arm from Tables 2.1 - 2.4.
Most of the panels show the very strong C ii λ 1334.53 line, but in some cases it
is advantageous to show the Si ii λ1307.37 or 1526.71 lines. This line is somewhat
weaker, and consequently it can show component structure more clearly. To illustrate
this effect, we show both the C ii and Si ii lines toward HD208440. For comparison,
the lower-right panel shows the H1821+643 sight line with the Outer Arm component
marked with a red tick mark. The horizontal red bar in the upper-left panel shows
the velocity range over which OA absorption is detected toward H1821+643. Despite
high S/N ratios, none of the stars show absorption at the velocity of the Outer Arm,
so we conclude that the OA is beyond these stars. Several intermediate-velocity absorption components detected toward H1821+643 are also evident toward HD208440
and HD209339; these common intermediate-velocity features are marked with red
triangles labeled with the component velocity centroid.
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archive for stellar spectra with implications regarding the distances of these HVCs,
and we have found two stars that place upper limits on the distance to Complex G:
BD +35 4258 and HD210809. The interstellar C Roman2 λ1334.53 and Si Roman3
λ1206.50 absorption profiles recorded in the STIS echelle spectra of these two stars are
shown in Figures 2.8 and 2.9, respectively, and the Galactic coordinates and distances
of these stars are listed in Table 2.4. In Galactic coordinates, Complex G extends
over 79 . l . 122 and −19 . b . −1, and the velocity range of its 21cm emission
is −190 . vLSR . −90 (Kalberla & Haud 2006). Both BD +35 4258 and HD210809
are in the direction of this HVC, as shown in Figure 2.2. From Figures 2.8 – 2.9,
we see that highly significant C Roman2 and Si Roman3 absorption lines are detected
at Complex G velocities toward both BD +35 4258 and HD210809, and in many of
the profiles, multiple components are readily apparent. The column densities, velocity centroids, and b−values of these C Roman2 and Si Roman3 lines, determined
from the STIS spectra via Voigt-profile fitting (§2.4), are presented in Table 2.5.
The LAB 21cm spectra in the directions of BD +35 4258 and HD210809 are shown
in Figures 2.10 and 2.11. Although the 21 cm emission was recorded with a large
(35.7′ ) beam and is blended with lower-velocity emission, we nevertheless see clear
correspondence between the 21cm emission and the UV absorption.
It is very likely that the UV absorption lines in Table 2.5 are affiliated with
Complex G, and this indicates that this HVC is relatively nearby (see Table 2.4).
Given the distance bracket on Complex C (Wakker et al. 2007) and the similarity of
the Complex G and Complex C velocities, it is quite possible that these HVCs are
related. The Outer Arm appears to be located at a somewhat larger Galactocentric
radius, but the distance bracket on the OA (8.6 − 17.6 kpc) does not rule out a
connection with Complexes C and G. To further test the connections between these
objects, it would be useful to measure the metallicity of the clouds detected toward BD
+35 4258 and HD210809. The UV column densities in Table 2.5 are well constrained,
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Figure 2.8 Continuum-normalized STIS absorption profiles of the interstellar lines of
C ii λ1334.53 (upper panel) and Si iii λ1206.50 (lower panel) observed toward the
B0.5 Vn star BD+35 4258, recorded with the E140M echelle mode. The multicomponent absorption lines in the velocity range of HVC Complex G are marked with
thick vertical tick marks.
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Figure 2.9 Continuum-normalized absorption profiles of the interstellar lines of C ii
λ1334.53 (upper panel) and Si iii λ1206.50 (lower panel) observed toward the O9
Iab star HD210809 with STIS in the E140H echelle mode (see Table 2.1). Highly
significant absorption lines at v ≈ −129 km s−1 (i.e., in the velocity range of HVC
Complex G) are marked with thick tick marks.
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Table 2.5. Complex G Profile-Fitting Measurements
Sight line

Species Fitted Lines
(Å)

v (LSR)
(km s−1 )

b
(km s−1 )

log [N (cm−2 )]

BD+35 4258

C II

1334.53

Si III

1206.50

C II
Si III

1334.53
1206.50

−149 ± 1
−111 ± 1
−95 ± 6
−148 ± 3
−104 ± 1
−129 ± 1
−162± 10
−146± 1
−127± 1

9±2
9±1
23±5
6+12
−4
17±2
5±1
16+21
−9
4+3
−2
6±1

12.93±0.06
13.93±0.04
13.45±0.14
12.05±0.16
12.95±0.05
13.70±0.01
11.83±0.29
11.74±0.26
12.89±0.04

100

200

TB (K)

HD210809 . .

60
50
40
30
20
10
0

TB (K)

0.4

BD+35 4258

Complex G

0.2
0.0
−0.2
−200

−100
0
LSR Velocity (km s−1)

Figure 2.10 H i 21 cm emission in the direction of BD+35 4258 from the LAB Survey
(Kalberla et al. 2005). Both panels show the brightness temperature vs. LSR velocity,
but the lower panel is zoomed in to more clearly show the 21 cm emission in the
velocity range of Complex G (indicated with a thick horizontal bar).
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Figure 2.11 Hi 21 cm emission in the direction of HD210809 from the LAB Survey,
as in Figure 2.10.
but the 21cm H I column densities should be measured with a smaller beam for this
purpose.
We note that both BD +35 4258 and HD210809 also show high-velocity absorption lines at positive velocities, so one might wonder if the positive and negative
high-velocity features are related. There is no significant 21 cm emission evident on
the positive-velocity side toward these stars (Figures 2.10 – 2.11). Given the difference in the 21 cm emission and the large velocity separation of the negative- and
positive-velocity absorption lines, it is possible that these absorption lines arise in unrelated objects in this general direction. However, supernova remnants can produce
absorption lines with such velocity spreads (e.g., Jenkins et al. 1998; Cha & Sembach
2000), so the nature of the high-velocity absorption lines toward BD +35 4258 and
HD210809 deserves further investigation. This is beyond the scope of this paper,
so hereafter we will consider our Complex G distance constraint with this caveat in
mind.
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2.6
2.6.1

Physical Conditions and Abundances
OA Abundances Toward H1821+643

One of our primary goals in this paper is to measure the gas-phase metallicity
of the Outer Arm based on our absorption-line measurements. Toward H1821+643,
we are able to measure N (O Roman1), which is highly advantageous because in lowionization gas, O Roman1 is locked to H I by a strong resonant charge-exchange
reaction (Field & Steigman 1971). Oxygen Summing the columns of the three OA
components, and adopting the solar abundances from Asplund et al. (2009), we find
that the OA oxygen abundance2 toward H1821+643 is [O/H] = −0.30+0.12
−0.27 , including
an allowance for the uncertainty in N (H I) due to the large radio beam (Wakker et
al. 2001). In this context, oxygen should be only weakly affected by depletion onto
dust (Savage & Sembach 1996; Jenkins 2009), so this oxygen abundance is a good
representation of the overall gas-phase metallicity of the Outer Arm.
Abundances of other elements are more difficult to measure given the H I column
in the OA toward H1821+643. The primary problem is that many species can require
significant ionization corrections, but it is also possibly that some species are depleted
onto dust grains. As we will argue below, the OA absorption lines likely arise in cool
gas, and therefore the gas is predominantly photoionized, and therefore we can assess
ionization corrections using photoionization models. For this purpose, we have the
photoionization code CLOUDY (v94, Ferland et al. 1998) to calculate various ion
column densities as a function of the ionization parameter U (= ionizing photon
density/particle density). In Figure 2.12 we show the predicted column densities for
all of the species that we have detected toward H1821+643 (Table 2.2), assuming that
the gas is photoionized by the UV background from quasars as calculated by Haardt
& Madau (1996) with an intensity of Jν = 1 × 10−23 ergs s−1 cm−2 Hz−1 sr−1 at 1
2

We express abundances in the usual logarithmic notation, [X/Y] = log (X/Y) - log (X/Y)⊙ .
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Figure 2.12 Model of gas photoionized by the extragalactic UV background at z=0
(Haardt & Madau 1996) with logN (HI) = 18.52, Z = 0.48 Z⊙ , and solar abundances
from Asplund et al. (2009). Model column densities are plotted with small symbols
(see key at the lower left) as a function of the ionization parameter U. The observed
column densities are indicated with larger symbols with 1σ error bars. The dashed
line indicates the upper limit for log U (see text).
Rydberg. As expected, N (O Roman1) is flat over the plotted U range in Figure 2.12
because it tracks H I precisely as the gas ionization changes, but the columns of other
species, with the exception of N Roman1, increase as the gas becomes more ionized
because those ions can remain present in ionized gas that contains very little H I.
N Roman1 behaves like O Roman1 and is coupled to the H I, but the N Roman1 – H
I coupling is weaker.
Several interesting results are evident in Figure 2.12. First, we can roughly constrain the ionization parameter of the gas by requiring the model to match the
observed columns of the species that are lightly depleted by dust, O Roman1 and
S Roman2. The O Roman1/S Roman2 ratio indicates that log U ≈ −3.9, which implies a particle density of nH = x.xx cm−3 given our assumed intensity of the UV

39

background. At this value of U , the model N (N Roman1) is 0.5 dex higher than the
observed N Roman1 column. In fact, the observed N Roman1 cannot be reconciled
with this model at all because this would require a high value of U , and, as can be
seen from Figure 2.12, this would cause the model to predict far more Si Roman4 and
C Roman4 than is observed. We conclude that nitrogen is underabundant. Nitrogen underabundance is also observed in the nearby HVC Complex C (Richter et al.
2001; Tripp et al. 2003; Collins et al. 2007). We also notice from Figure 2.12 that
Si Roman2, Al Roman2, and Fe Roman2 are all somewhat overpredicted by the model
at this U . These elements are all prone to depletion by dust, so this could indicate
that there is a small amount of dust in the OA which removes some of the Si, Al, and
Fe from the gas phase.
2.6.2

OA Abundances Toward HS0624+6907

Turning to the HS0624+6907 data, we find that, ironically, the higher H I column creates some difficulties because more of the available metal lines are saturated
(§2.4.2). In addition, the HS0624+6907 data are noisier and cover fewer lines. For
this sight line, we must mainly rely on S Roman2 to estimate the gas-phase metallicity.
This species can exist in ionized as well as neutral gas, so we must consider the impact
of ionization on the derived metallicity. Figure 2.13 shows a photoionization model
analogous to the H1821+643 model but adjusted for HS0624+6907. From this figure,
we see that we have limited ability to contrain the ionization parameter in this case.
However, we can exclude large ionization parameters because if U is too high, the
model will predict Si Roman4 and C Roman4 column densities that exceed the observations. In turn, this indicates that the ionization corrections for S Roman2 cannot be
large, and the implied Outer Arm metallicity toward HS0624+6907 is similar to the
metallicity obtained from the H1821+643 data. In this case, the Si Roman2 column is
close to the predicted value while Fe Roman2 and Al Roman2 are slightly underabun-
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Figure 2.13 Model of gas photoionized by the extragalactic UV background, as in
Fig.9, but with parameters appropriate for the sight line to HS0624+6907. The
observed column densities are indicated with larger symbols with 1σ error bars.
dant and, again, may be modestly depleted by dust. The observed N Roman1 seems
to indicate a slight underabundance, but it is not as large as the underabundance seen
toward H1821+643. However, considerable caution is appropriate because several of
these columns are derived from lines that are strong and noisy, and their column
densities are highly uncertain.
2.6.3

Comparison to Outer Galaxy H ii Regions and the Metallicity Gradient

We compare the OA abundances derived from the Outer Arm QSO sight lines to
measurements from H Roman2 regions in Figure 2.14. We also compare these measurements to the metallicity gradients predicted by the Galactic chemical evolution
models of Carigi et al. (2005) and Chiappini et al. (2001) in this figure. There is
substantial scatter in the H Roman2 region abundances, but within the scatter, the
abundances from the random H I regions in the OA sampled by the QSO sight lines
agree with the trends indicated by the H Roman2 regions. In this regard, the Outer
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Figure 2.14 Radial abundance gradients in the Milky Way for (a) oxygen (b) nitrogen
(c) sulfur, and (d) iron. The diamonds and black dots are HII region measurements.
The squares represent abundances measurements in open clusters. The large green
and yellow circles show the abundances measured in the Outer Arm along the lines of
sight to H1821+643 and HS0624+6907, respectively. The nitrogen measurements toward HS0624+6907 are noisy, and N (N i) could be underestimated due to saturation,
so the nitrogen measurement toward HS0624+6907 is best treated as a lower limit.
The various curves show Galactic abundance gradients from the models of Chiappini
et al. (2001) and Carigi et al. (2005); the specific models from those papers are
indicated by the key in panel (a).
Arm appears to be consistent with an ordinary extension of the Milky Way disk that
just happens to have a substantial warp in this direction.
If the OA abundances are indeed a fair measurement of the disk metallicity in
the outer Galaxy, we can rule out some of the chemical evolution models shown in
Figure 2.14. For example, model D from Chiappini et al. predicts abundances that
are orders of magnitude too low compared to the OA measurements. This model has
a slow rate of mass accretion in the outer Galaxy in order to test the “inside-out”
formation of the halo. Conversely, their model B, which assumes a constant halo
surface mass density at large Galactocentric radii, predicts abundances that are too
high compared to the OA measurements, especially in the case of nitrogen. While
these comparisons are useful as a proof of concept, more absorption abundances
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are needed to robustly test the models (and to compare the H Roman2 and H I
region abundances). With the deployment of the Cosmic Origins Spectrograph on
HST (Froning & Green 2009), and now that some of these clouds are being detected
in absorption toward distant outer-Galaxy stars, such measurements have become
feasible. However, it is also necessary to establish whether objects like the Outer
Arm is truly just an extension of the disk or whether it could have a different origin
(§2.7).
2.6.4

Physical Conditions

We noted in §2.4.1 that the H1821+643 absorption profiles of low ions show clear
evidence of three components in the Outer Arm, and two of these components are required to be narrow. In addition, while there is clear correspondence between the low
ions and more highly ionized gas traced by Si Roman4 and C Roman4 (see Figures 2.3
and 2.5 – 2.6), the Si Roman4 and C Roman4 profile shapes are not identical to those
of the low ions. There are consistent offsets between some of the low- and high-ion
centroids, and the high ions appears to be be broader in the vLSR ≈ −130 km s−1
component. These characteristics suggest that the Outer Arm gas is in a transitional
state. This gas could be interacting with the ambient halo/disk gas of the Milky Way,
and this interaction is causing the cloud to fragment and dissipate. It is particularly
interesting that the Si Roman4 and C Roman4 lines indicate low line widths. The line
width of the Si Roman4 component at vLSR = −150 km s−1 indicates that the gas
temperature T < 104.4 K, and the C Roman4 in this component likewise indicates
T < 104.3 K. These upper limits are well below the temperatures where these species
are expected to exist in collisional ionization equlibrium. Perhaps the gas is simply
photoionized, but it is interesting to note that hydrodynamic simulations of a cool
gas cloud plunging through a hot halo can create this type of signature. For example,
Kwak & Shelton (2010) have found that the turbulent mixing layers on the surface
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of such a cloud can contain a cool phase that is rich in C Roman4 as well as hotter
phases that give rise to species such as O Roman6. Sembach et al. (2003) report strong
O Roman6 at v = −122 km s−1 , log N (O Roman6) = 13.87±0.18, and b(O Roman6)
≈ 22 km s−1 . Thus, this scenario of a cold cloud plunging through, and interacting
with, an ambient medium seems to be consistent with many characteristics of the
OA gas toward H1821+643. However, due to the strong blending of the components
in the current STIS data, the detailed parameters of individual components suffer
from substantial uncertainties. It would be valuable to obtain new STIS observations
of H1821+643 with the E140H grating (which provides substantially higher spectral
resolution) to better contrain the line widths/temperatures and kinematics of the gas.

2.7

Summary and Discussion

As we have summarized above, the extended gas cloud known as the Outer Arm
is usually considered to be part of the warp in the outer Galaxy and possibly the
most distant spiral arm. However, the recent observations of Lehner & Howk (2010)
have revealed aspects of the OA that are not expected in this scenario – the OA
has a high-velocity component that is inconsistent with Galactic rotation and instead
indicates that the OA kinematics are similar to those of Complex C, which is close
to the OA in space and velocity. We have presented additional observations that can
be used to further probe the nature of the OA. Briefly, we find:
1. The OA oxygen abundance in the direction of H1821+643 is [O/H] = −0.30+0.12
−0.27 .
The HS0624+6907 metallicity suggests that the OA could have a range of metallicities in different locations with ZOA = 0.3 − 0.5Z⊙ , but the HS0624+6907
metallicity is more uncertain and is consistent with the H1821+643 metallicity when uncertainties are taken into account. The OA metallicity is only
marginally higher than the abundances usually measured in Complex C, ZComp.C =
0.1 − 0.3Z⊙ (e.g., Collins et al. 2007).
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2. Both the OA and Complex C are underabundant in nitrogen. This is often
interpreted to be an indication that the gas is “chemically young” since nitrogen
is synthesized in intermediate-mass stars, and thus more time is required to build
up the nitrogen abundance than is required for species such as oxygen that are
rapidly produced in Type II supernovae (e.g., Vila Costas & Edmunds 1993;
Pettini et al. 1995).
3. The abundances in the OA H I regions toward H1821+643 and HS0624+6907 are
consistent with the abundance trends indicated by H Roman2 region emissionline abundances, but there is a lot of scatter in the H Roman2 region metallicities. We show that absorption abundances can be useful for discriminating
between Galactic chemical evolution models, but larger number of measurements are needed, and it is important to understand if a gas cloud truly reflects
the radial abundance pattern (as opposed to, e.g., the abundances of matter
recently stripped out of merging satellite galaxy).
4. High-resolution spectroscopy of several stars in the direction of the OA does
not show absorption at OA velocities, which indicates that the object is at a
Galactocentric radius of 9 − 18 kpc. Based on currently available constraints, it
remains possible that the OA and Complex C are at similar distances. However,
we have detected the HVC Complex G, which is close to the Outer Arm, in
absorption toward two stars. This places Complex G relatively close to the solar
Galactocentric radius. This distance constraint requires further investigation to
confirm the nature of the absorption lines at Complex G velocities.
5. The OA absorption profiles toward H1821+643 show that the OA is a complex,
multiphase entity with several narrow components, including narrow features
in the profiles of highly ionized species. This suggests that the OA is, at least
in part, interacting with the ambient gas of the Milky Way.
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This ensemble of information suggests that the Outer Arm might have a more
complicated origin than the usual attribution to the outer warp. This concept has
been proposed before: Davies (1972) suggested a connection between the OA and
Complex C, which he proposed to be generated by the Large Magellanic Cloud. More
recently, Kawata et al. (2003) attempted to model the production of both of these
structures by the interaction of a satellite galaxy with the Milky Way. While they
found that structures similar to the OA + Complex C could be generated, the absence
of the interacting satellite (which they require to have a mass comparable to the LMC)
in the expected part of the sky poses a problem for this model. At approximately
the same time, the Monoceros Ring structure was discovered (Newberg et al. 2002),
and given the simlarity of the kinematics and location of the Monoceros Ring to the
Outer Arm, it is interesting to ask if these high-velocity gas clouds could be related
to the merging satellite that produced the stellar Monoceros Ring. We consider this
hypothesis in a componanion paper (Song et al. 2010).

46

CHAPTER 3
THE EXTRAPLANAR 21CM “OUTER ARM”: II.
HIGH-VELOCITY GASEOUS DEBRIS AFFILIATED
WITH THE MONOCEROS RING?

We hypothesize that the high-latitude portion of the extraplanar high-velocity
H

I

cloud in the outer Galaxy known as the “Outer Arm” (OA) is gaseous debris

stripped out of the satellite galaxy that is the source of the stellar Monoceros Ring.
The OA has often been attributed to the Milky Way warp, but its angular extent (up
to b ≈ 31◦ ) implies that a great portion of the gas is much farther above the plane
than the expected z−extent of the warp and the location and kinematics of the gas
are generally consistent with those of the Monoceros Ring. To test this, we present
a simple model of the effects of tidal stripping, ram pressure, and dynamical friction
on gas in the Monoceros Ring satellite. We find that the observed OA properties are
consistent with this idea if the Canis Major overdensity or the newly-discovered stellar
overdensity behind open cluster NGC 188 is the remnant of the merging satellite. We
also show that the gas-phase metallicity of the OA is similar to the higher metallcities
measured in the younger stellar components of the Monoceros Ring and the CMa
overdensity, which implies that the OA gas originates from the more tightly bound
inner region of the satellite. The proximity of the Monoceros Ring provides a unique
opportunity to study the effects of minor mergers on galaxy evolution, and follow-up
hydrodynamic studies of the possible connection between the OA and the Monoceros
Ring are warranted.
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3.1

Introduction

The circumgalactic medium of the Milky Way (MW) is a complicated “ecosystem”,
with an abundance of extraplanar gas clouds, prominent tidal streams and largescale stellar substructures, as revealed in multiwavelength observations and recent
large-scale surveys. These circumgalactic structures provide detailed insights into the
various complex processes that drive and regulate the evolution of the Galaxy. For
example, they are directly related to the important long-standing puzzle regarding
how galaxies acquire their gas. It has been proposed that galaxies like the MW
can gain a significant portion of their gas through tidal disruption and accretion of
numerous low-mass satellites during their merging processes (Sancisi et al. 2008 and
references therein). In this scenario, features of the MW such as the high velocity
clouds (HVCs), the Magellanic Clouds, and the recently discovered Sagittarius and
Monoceros stellar streams (Ibata et al., 1994; Newberg et al., 2002), are naturally
expected. These coherent structures are not unique for the MW, and similar features
have also been identified in other nearby galaxies, such as NGC 4013 (Martı́nezDelgado et al., 2009) and M 31 (Chapman et al., 2008). It seems that the accretion of
the gaseous debris of merging satellite galaxies could be one of the important channels
for gas accretion.
One of the prominent circumgalactic features in the outer Milky Way is a large,
contiguous 21cm-emitting hydrogen complex with a substantial extraplanar extent
known as the “Outer Arm” (OA). This extended H I complex is distinguished from
the outer spiral arm often recognized in the MW plane (e.g., Levine et al. 2006a;
McClure-Griffiths et al. 2004) by its substantial vertical extent; the extraplanar OA
extends up to Galactic latitudes as high as b = 31◦ (see Figure 1 in Haud 1992). The
velocity field of the OA is relatively smooth around −150 . vLSR . −100 km s−1 ,
close to the expected values for rotating disk gas at a Galactocentric distance RG ≈
15-20 kpc. Moreover, the OA extends in the same vertical direction as the disk warp
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in this part of the Galaxy, which has led many authors to argue that this H I cloud
is simply part of the warp (see Haud 1992, and references therein).
The exact distance of the OA is of great importance to understand its nature
and origin. In the study of the Galactic and intergalactic medium toward QSO
H1821+643, the line of sight passing through the OA, Oegerle et al. (2000) detected
absorption features at -120 to -150 km s−1 associated with the OA and distant warp
of the MW, while no detection was claimed at velocities less than -70 km s−1 in the
UV spectrum of a star named K1-16 located in the same part of the sky. The star
is at a distance of 1.6 kpc, which provides a lower limit on the distance to the OA.
Most recently, Lehner & Howk (2010) detect both lowly and highly-ionized species
in absorption, including O I, C II, Al II, Si II, Si IV, and C IV, in the Cosmic Origins
Spectrograph spectrum of the early-type star HS 1914+7134 ( l = 103o , b = +24o ).
One of the two detected HVCs at -118 km s−1 is argued to be affiliated with the OA.
Therefore, the distance of the star HS 1914+7134 at d≃ 14.9 kpc sets the first firm
upper limit on the distance of the OA. The two studies bracket the distance of the
OA in the range 1.6-14.9 kpc. Combining the fact that the height of the star HS
1914+7134 is only 6.0 kpc above the Galactic plane , such close distance provides
support for an origin of the OA from the large-scale disk warp of the MW.
For the last several decades, a numerous radio and optical observations have been
carried out to study the warped structure of the Galactic disk, mainly by mapping the
distribution of H I gas and stars in the outer MW disk (Burke , 1957; Henderson et al.,
1982; Burton & te Lintel Hekkert , 1986; Miyamoto et al., 1988; Orsatti , 1992; Porcel
& Battaner , 1995; Vázquez et al., 2008; Kalberla & Kerp , 2009). These observations
show that in the northern hemisphere the H I gas can extend to a vertical height ∼5
kpc above the Galactic plane at l ≈ 100o while the southern gas only peaks ∼ 1.5 kpc
below the plane at l ≈ 250o . Assuming the OA lies at R=16, 22 and 28 kpc using
the galactocentric cylindrical coordinates, we plot its vertical height as a function of
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galactocentric azimuth in Figure 3.1 using the data from the Leiden/Argentine/Bonn
(LAB) Survey of Galactic H I (Kalberla & Haud, 2006). The red line in each panel
represents the warp fit at the corresponding radius from Levine et al. (2006b) using
the same data set. Figure 3.1 indicates that both the vertical extent of the OA and
the maximum height of the warp predicted from the best fit around φ ≈ 100o decrease
with the descent of R. Taking into account the upper limit on the distance of OA,
d < 14.9 kpc, the OA would locate within the ring with R=22 kpc. It is obvious
that although the best fit to the Galactic warp does passes through the lower part
of the OA in all three panels, a great portion of it is tremendously high above the
fit. Moreover, a closer distance makes the OA even more deviant from the expected
surface of the disk warp. It strongly suggests that at least some parts of the OA do
not belong to the disk warp since the warp is not expected to extend as high above
the Galactic plane as these gaseous OA clouds.
It is no doubt that the direct distance estimates of the OA can offer the key
information about its origin. However, the current distance estimates may be only
reliable for the gas clouds in the OA, which are around the pencil beams of the two
sight lines. To reveal the true spatial distribution and geometry of the OA, multiple
lines of sight are greatly needed in the future observations. The OA is such a large
and contiguous structure, therefore it is highly possible that the different parts of it
may be at different distances in different directions (i.e., it could have a substantial
radial extent). It is also possible that the OA is an entity of gas assembled from more
than one process, or one process responsible for generating the warp (e.g., interaction
with a merging satellite galaxy) also produced this large extraplanar gas structure,
either by stripping gas out of the Milky Way or out of the satellite itself (or both).
Here we propose a new hypothesis about the origin of the OA: the low latitude
gas is part of the warp of the Galactic disk, while the high latitude gas is the accreted
material from a tidally disrupted dwarf satellite. As shown in Figure 3.2, there is a

50

Figure 3.1 Height of the OA as a function of galactocentric azimuth at the projected
distance onto the Galactic disk R=16, 22 and 28 kpc. The red solid lines indicate the
best fit to the overall warp structure of the disk from Levine et al. (2006).
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striking correspondence between the location and kinematics of the OA and the stellar
Monoceros Ring structure (see, e.g., Newberg et al. 2002; Peñarrubia et al. 2005),
which suggests that the OA could be gaseous debris stripped from the Monoceros
(Mon) Ring. Using a simple physical model of gaseous debris from the Mon Ring, we
explore the plausibility of this hypothesis in this paper.

3.2

A Simple Model of Monoceros Ring Gaseous Debris

To explore this hypothesis, we have constructed a model that evaluates the effects
of dynamical friction, tidal force, and ram pressure on the dynamics of stars and
gas stripped from the Mon Ring satellite. In the model, the MW is at the center
of the rest frame and its gravitational potential is fixed throughout the calculation.
As the dwarf galaxy orbits in the hot gas halo and passes through the cold gas disk
of the MW, the stars, gas, and dark matter in the outskirts of the satellite suffer
tidal stripping, and the gas also experiences ram pressure stripping. We do not track
additional gas physics effects such as shock heating, photoionization, evaporation, or
instabilities. Important properties of the Mon Ring satellite that could affect the
amount and nature of its gaseous debris are currently poorly constrained, so our goal
is not to fit the OA properties in detail but rather to test whether the location and
kinematics of the OA are generally consistent with our Mon Ring debris hypothesis.
3.2.1

Galaxy and Dwarf Satellite Potentials

We adopt the Galaxy potential model described by Wolfire et al. (1995), which
includes a Miyamoto-Nagai disk potential, a spherical bulge potential, and a logarithmic halo. For the gas distribution, we assume an exponential cold gas disk embedded
in a hot gaseous halo. The cold gas disk rotates around the Galactic center with the
density profile of Mastropietro et al. (2005),
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ρdg (R, z) =

Σ(R)
z
sech2 ( )
2zd
zd

(3.1)

where zd is the characteristic vertical scaleheight of the disk, and Σ(R) is the surface
density profile described as

Σ(R) =

R
Md
exp(− )
2
2πRd
Rd

(3.2)

with Md and Rd being the gaseous disk mass and radial scalelength, respectively.
We choose the same values for Md and Rd as quoted by Mastropietro et al. (2005),
Rd = 3.53 kpc, Md = 0.46 × 1010 M⊙ , and zd ∼ 0.2Rd . For the hot gaseous halo,
we assume it is isothermal with T = 106 K and simply adopt an exponential density
profile of the form
− rr

ρhg (r) = ρ0 e

H

,

(3.3)

where ρ0 is determined by the total mass of the halo gas Mhg , and rH is the scalelength.
We assume Mhg = 1010 M⊙ and rH = 20 kpc, and thus the hot gas density n ≈
1.65 × 10−4 atom cm−3 at r=50 kpc and gradually decreases to ≈ 1.36 × 10−5 atom
cm−3 around r=100 kpc. The halo gas corotates with the MW disk but with a lag, as
suggested in the studies of halo gas kinematics in the MW and other galaxies (Heald
et al., 2006a,b, 2007; Levine et al., 2008; Oosterloo et al., 2007). The cold disk gas
mass is 5 × 109 M⊙ , and the total MW mass is 1012 M⊙ .
The satellite galaxy is modeled as a multicomponent system as well with a gaseous
disk and stars embedded in an NFW halo (Navarro et al., 1996). The disk gas follows
an exponential profile and the stellar distribution has a Hernquist (1990) profile.
Following Peñarrubia et al. (2005), the total mass of the satellite is 6 × 108 M⊙ .
We also adopt their initial conditions (J. Peñarrubia 2007, private communication),
but our calculation launches around one orbit earlier. The reason for adopting this
strategy is that after exploring a large number of starting points selected from the
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orbits produced using the initial conditions of Peñarrubia et al. (2005), we find that
starting our calculation one orbit earlier makes the distribution of stripped gas and
the position of the satellite at certain snapshots in the following orbits more consistent
with the OA and the location of the potential Mon Ring progenitor (see Section 2.3
and 3).
3.2.2

Stripping Processes

Since the MW galaxy is represented by a rigid potential, we implement dynamical
friction using Chandrasekhar’s formula and assuming a Maxwellian velocity dispersion
σ for the satellite,

adf = −

2X −X 2
4π ln ΛG2 ms ρ
√
[erf(X)
−
e
]vs ,
vs3
π

where ms is the mass and v

s

(3.4)

√
is the velocity of the satellite, X ≡ vs /( 2σ), and

ρ is the mass density of the MW at the position of the satellite. The term ln Λ is
related to the satellite’s intrinsic structure; we assume ln Λ = 3 (typical for a minor
merger). We model tidal disruption by considering the balance of MW gravity and
the satellite’s self gravity. For simplicity, we do not consider the effect of the satellite’s
self-adjustment of its density distribution after losing some of its mass.
For ram pressure, we adopt the standard Gunn & Gott (1972) formulation,

pram = ρgas v 2 ,

(3.5)

where ρgas is the gas density of the MW at the position of the satellite and v is the
velocity of the satellite galaxy with respect to the surrounding medium. We assume
that the satellite always keeps face-on geometry relative to its motion direction and
hence consider the maximum effect of ram pressure. In balance with ram pressure,
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we consider the restoration force of the entire satellite galaxy along the azimuthal
direction,
pres (R) = Σs−gas (R)

∂Φ
|max (R),
∂z

(3.6)

where Σs−gas is the surface density of the satellite disk gas. We adopt the maximum
self-gravitational force along the z direction at every disk radius R as the restoration
force. In each time step, we compare the ram pressure and the restoration force to
determine the ram-pressure stripping radius, within which pres (R) ≥ pram and beyond
which all of the gas is stripped away.
The stripped stars and gas are subsequently represented by two kinds of test
particles in order to trace their dynamical evolution. We emphasize that we are not
attempting to estimate the precise mass (and other characteristics) of the gaseous
debris, which are uncertain given the current constraints on the Mon Ring progenitor
and its orbit, but rather to qualitatively explore the likely kinematics and location
of the stripped matter. Gas particles are assigned a nominal mass of ∼ 104 − 106 M⊙
and a temperature of 104 K (formation of such gas clouds occurs in hydrodynamic
simulations when radiative cooling is allowed, see Mayer et al. 2006). To determine
the kinematic status of both star and gas particles at each time step, the gravity due
to their parent satellite galaxy and the MW as well as dynamical friction are taken
into account. We also include deacceleration of the gas particles by ram pressure from
the MW gaseous envelope. Processes that could destroy the stripped gas clouds are
beyond the purpose of our simple model. Due to ram-pressure deacceleration, gravity
pulls the gas particles into the MW disk within ≈ 2 orbital times.
3.2.3

Model Results

Figure 3.2 compares the satellite orbits predicted by the model with observational
data on the stellar Mon Ring and the MW high-velocity clouds (HVCs). Our Mon
Ring orbit is prograde and is similar (but not identical) to the orbit of Peñarrubia
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Figure 3.2 Comparison of the Monoceros Ring orbit model (black curves) to observational data on the Milky Way High-Velocity Clouds, including the Outer Arm. Six
consecutive model orbits are shown beginning with the same initial conditions used
by Peñarrubia et al. (2005). Upper panel: Projected spatial position in Galactic coordinates. Lower panel: Heliocentric radial velocity as a function of Galactic longitude.
Detections of stellar components of the Monoceros Ring are indicated with pink filled
squares (Rocha-Pinto et al., 2003), triangles (Crane et al., 2003), and stars (Conn et
al., 2005, 2007, 2008). HVC complexes (Wakker 2001a) are shown with colored dots.
Each complex has a unique color and is labeled by its name (e.g., ‘OA’ and ‘C’ are
the Outer Arm and Complex C). Black stars in the upper panel mark the QSO sight
lines used for OA metallicity measurements.
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et al. (2005), and our orbit fits the Mon Ring stellar data reasonably well provided
the stars identified with the Mon Ring trace multiple orbit wraps. The lower panel
of Figure 3.2 shows heliocentric radial velocity vs. Galactic longitude. The upper
panel compares projected spatial positions of the model orbit to the observations (in
Galactic coordinates). The orbits are approximately circular at r ∼ 20 − 26 kpc
from the MW center. The filled triangles, squares, and stars represent detections of
the Mon stellar ring from the literature (see caption). The small dots indicate the
locations and velocities of 21cm HVC complexes (Wakker 2001a) using data from
the LAB Survey of Galactic H I (Kalberla & Haud, 2006); the OA is shown in red.
Some of the HVC complexes (e.g., the Magellanic Stream) are clearly distinct from
the Mon Ring as expected, but Figure 3.2 shows a striking correspondence between
many of the observed HVCs and Mon Ring dynamics. For example, the velocities of
the OA and some fragments of Complex W are consistent with the Mon Ring model.
However, they are spatially offset from the Mon Ring orbit, which raises a question:
does gas physics (e.g., ram pressure) move the Mon Ring gaseous debris away from
the orbit delineated by the stellar data?
To address this, in Figures 3.3 and 3.4 we compare the model and OA observations
in a series of time snapshots as the satellite passes through the MW plane. These
figures show the stripped stellar and gas particles from the model with various time
intervals (the orbital time scale ≈ 0.65 Gyr). We see that while both stellar and
gas particles are stripped from the satellite, the gas particles more quickly move away
from the orbit. Deacceleration of the gas by ram pressure combined with gravity from
the MW pulls the gas to lower latitudes (| b |). This is consistent with the observed
positions of the Outer Arm and some fragments of Complex W with negative galactic
latitude (small magenta dots in these two figures). The fragments of Complex W with
positive galactic latitude (small gold dots), on the other hand, are offset to positive
galactic latitudes, opposite of the model predictions. Referring to Figure 3.2, we see
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Figure 3.3 Comparison of the Galactic coordinates of 21cm emission from the extraplanar Outer Arm (small red dots) to the predicted location of gaseous debris from
our Monoceros Ring model. At varying time intervals, the panels show the location
of the satellite (blue star), stripped stars (large black dots), stripped gas (large green
dots) and some HVCs (small gold and magenta dots for the clouds with positive
and negative galactic latitude, respectively ). The black line traces the orbit of the
satellite. The newly-found stellar overdensity in the background of the open cluster
NGC 188 is labeled. The approximate location of the CMa overdensity is indicated,
but we note that this object is extended and its boundaries and center are poorly
constrained.
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Figure 3.4 Comparison of the observed Galactic longitude − velocity distribution of
the Outer Arm 21cm emission to the predictions of the Monoceros Ring model (with
the same symbols as Figure 3.2). The 21cm data are from Kalberla & Haud (2006)
and do not include emission with |vLSR | < 90 km s−1 .
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that if gas is episodically stripped from the Mon Ring progenitor, then it appears
that this satellite could plausibly be the source of some third- and fourth-quadrant
HVCs as well as the OA. In the time snapshots, the gas test particles populate the
(l, b, v) combinations of the observed OA at time ≈ 0.3 Gyr and again at t ≈ 0.8 − 0.9
Gyr. The t = 0.3 Gyr case would imply that we are observing the OA at a special
time shortly after the gas was stripped. Recently, a new stellar overdensity has been
identified in the background of the open cluster NGC 188 (Casetti-Dinescu et al.
2010). It lies in the right place near the location of the satellite in the t = 0.3 Gyr
case, which makes it a good source candidate to produce the OA structure in our
model. The t ≈ 0.8 − 0.9 Gyr case presents another compelling source candidate, the
Canis Major (CMa) satellite. When inspecting Figures 3.2−3.4, it is important to
bear in mind that there is a significant selection effect in the observed HVC map: gas
at | vLSR |< 90 km s−1 is difficult to distinguish from nearby interstellar material and
is not shown. As shown in Figure 3.4, the Mon Ring would place significant amounts
of gaseous detritus in this parameter region. This is not inconsistent with observations
(see, e.g., Kalberla et al. 2005) but is difficult to test because of foreground confusion.

3.3

Discussion

Our model has several testable implications. As shown in Figure 3.2, the model
requires multiple wraps of stellar tidal debris to produce the distribution of stars
identified with the Mon Ring (as found in other studies, e.g., Peñarrubia et al. 2005).
However, since the stripped gas drops into the MW disk within ≈2 orbital times, in
our hypothesis the satellite must be able to retain gas for at least several orbits (i.e.,
the gas is not entirely stripped on first passage) so that we can still recognize the OA
at the current time. This implies that the recently stripped gas must originate from
the inner, more metal-enriched, region of the satellite where stars and gas are more
strongly bound. Actually, some dwarfs can retain significant amounts of the centrally
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concentrated gas and would continue to form stars over a long period of time, as
observed in Fornax and other dwarf spheroidal galaxies in the Local Group (Grebel
, 1999; Hurley-Keller et al., 1999). Peñarrubia et al. (2005) argue that the Mon
structure has a higher-metallicity inner ring (closer to the MW) formed of stars more
recently stripped from the inner regions of the satellite, while the lower-metallicity
stars are in an outer MW ring stripped from outer satellite regions at an earlier time.
Our hypothesis is consistent with this picture, but this provides a prediction: the gas
metallicity should be comparable to the higher Mon Ring stellar metallicities.
We have recently measured the metallicity of gas in the OA based on metal absorption lines detected toward two QSOs, HS0624+6907 (l = 145.71◦ , b = 23.35◦ ) and
H1821+643 (l = 94.00◦ , b = 27.42◦ ), which are located behind the OA (black stars in
Figure 3.2). As detailed in the first paper of this series devoted to a detailed study of
the OA (Song et al. 2010), using spectra of these QSOs obtained with the Space Telescope Imaging Spectrograph and the Far Ultraviolet Spectroscopic Explorer, a variety
of absorption lines are detected at the OA radial velocity along the two directions, including lines of O I, N I, S II, Si II, Fe II, Al II, C IV, and Si IV. The 21cm H I column
densities are from Wakker et al. (2001b) based on data from the 100 m Effelsberg
telescope (9’ beam). The H I spectra in these two sight lines clearly show the high
velocity components corresponding to the OA emission ( see their Fig. 1). Wakker
et al. (2001b) concluded that compared with the H I column densities obtained at
higher angular resolution (1’ or 2’) (e.g. with an interferometer), a 9’ beam is sufficient for the purpose of abundance calculations. According to their comprehensive
analysis, on average the H I column densities quoted here tend to be slightly higher
(within about 25%) and therefore the ionic abundances tend to be underestimated
by 0%-25%. Combined with the 21cm H I column densities and including ionization
corrections, our analysis of the HS0624+6907 and H1821+643 spectra indicates that
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+0.25
the OA gas-phase metallicity1 [M/H] = −0.26+0.15
−0.08 and −0.32−0.21 in these directions,

respectively. The errors here include both the statistical error and systematic error.
We compare these OA metallicities to Mon Ring stellar abundances in Table 3.1.
The first Mon Ring stellar metallicity estimates (Yanny et al. 2003) yielded abundances significantly lower than our OA abundances. However, subsequent papers
found indications of substantially higher metallicities in the Mon Ring. For example,
Rocha-Pinto et al. (2003) noted that the number of M giants in the Mon Ring requires a substantially higher metallicity. From Table 3.1, we see that several studies
of Mon Ring stellar abundances find metallicities that are close to the OA gas-phase
metallicity, and as predicted, the OA abundances are at high end of the Mon Ring
stellar metallicity range. Consistent with this, de Jong et al. (2007) have concluded
that the Canis Major (CMa) overdensity, the putative progenitor of the Mon Ring,
contains a lower metallicity old stellar population and a younger population with
substantially higher abundances. Interestingly, the young stars in the CMa overdensity have metallicities that are similar to those of the OA gas. However, taking into
account of the large uncertainties associated with the metallicity measurements, the
OA could also show such a high metal abundance if it is Galactic gas in the general
direction of disk warp. Nevertheless, its metallicity is consistent with our model prediction. We note that a similarly substantial range of metallicities is observed in the
Sagittarius tidal stream (Dohm-Palmer et al. , 2001; Chou et al., 2007).
From Figure 3.3, we see that our model suggests a second test of the hypothesis
regarding the progenitor of the OA gas. In our simulation, the stripped gas falls relatively rapidly into the Galactic plane, so if the OA is stripped material, the satellite
should not be too far away (along its orbit) from the OA (or the stripped material would not be recognizable as such a distinct, high-velocity extraplanar feature).
1

We express logarithmic metallicities with the usual notation, [X/Y] = log (X/Y) - log (X/Y)⊙ .
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Table 3.1. Outer Arm and Monoceros Ring Metallicity Measurements
Target

HS0624+6907
H1821+643
SDSS blue stars
2MASS M giants
2MASS M giants
SDSS F&G stars
King 2
CMa
CMa
CMa
CMa
CMa
CMa

old stars, field C1
young stars, field C1
old stars, field C2
young stars, field C2
old stars, field O1
old stars, field O2

Measurement
Method

Abundance
[M/H]a

Outer Arm
+0.15
QSO abs. lineb
−0.26−0.08
+0.25
QSO abs. lineb
−0.32−0.21
Monoceros Ring Stars
Ca II (K) + SDSS colorc −1.6 ± 0.3
M-giant countsd
≥ -0.6
Spec. calibrated colorse −0.4 ± 0.3
SDSS photometryf
−0.95 ± 0.15
Ca II tripletg
−0.42 ± 0.09
Canis Major
CMD fittingh
−1.0 ± 0.2
−0.4 ± 0.2
−1.1 ± 0.3
−0.3 ± 0.2
−0.6 ± 0.3
−0.6 ± 0.3

Reference

Song et al. (2010)

Yanny et al. (2003)
Rocha-Pinto et al. (2003)
Crane et al. (2003)
Ivezic et al. (2008)
Warren & Cole (2009)
de Jong et al. (2007)

a

Logarithmic metallicities expressed with the usual notation, [X/Y] = log (X/Y) - log (X/Y)⊙ .
Stellar metallicities are predominantly expressed as iron abundances, [Fe/H], but the Outer Arm
gas-phase abundances are based on oxygen or sulfur (to avoid confusion from depletion of Fe by
dust).
b

Abundances from metal absorption lines in spectra of the background QSO combined with N (H I)
from Wakker et al. (2001b) and solar abundances from Asplund et al. (2005). Older solar oxygen
abundances lower the H1821+643 abundance by ≈ 0.2 dex, but this remains consistent with the Mon
Ring metallicities. The H1821+643 abundance (mainly based on O I) is insensitive to ionization
corrections, but ionization corrections could lower the HS0624+6907 abundance (mainly based on
S II) to −0.65 ± 0.08. The higher abundance is more probable (see Song et al. 2009), but −0.65 is
a conservative lower limit.
c
Preliminary metallicity derived from the Ca II K equivalent width combined with the SDSS
(g − r)0 color.
d

Lower limit required by the presence of a large number of M giant stars in the Mon Ring.

e

Abundances derived from 2MASS colors after calibrating the colors with the Ca II λλ8489, 8542
and Mg I λ8807 indices measured in a sample of stars with known metallicities.
f
Metallicity derived from SDSS photometry calibrated with stellar parameters from SDSS spectroscopy of a subset of the sample. Photometric metallicities are preferred in this paper because this
provides a much larger and more uniform sample.
g

Metallicity from spectroscopic measurement of the Ca II triplet line strengths.

h

Stellar abundances from color-magnitude diagram fitting.
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Unfortunately, it is not straightforward to identify stars in the Mon Ring, and the
location and nature of the Mon Ring progenitor is a topic of debate. If the t = 0.3 Gyr
snapshot in Figs. 3.3-3.4 is the correct model, we expect to see the progenitor near the
high−b tip of the OA. Coincidently, the newly-discovered stellar overdensity behind
open cluster NGC 188 (l = 122◦ .8, b = 22◦ .5) is approximately in the right location
(Casetti-Dinescu et al. 2010). Theoretical isochrone fits to the color-magnitude diagram of the overdensity show that it has an age of 6-10 Gyr and an intermediately
metal poor population ([Fe/H]=-0.5 to -1.0). Observational evidence suggests that
the overdensity is part of the Mon stream. If this stellar overdensity is the right progenitor of the OA, then it is expected to have been orbiting the MW multiple times
based on its age and to have a population with metallicity close to that of the OA.
Casetti-Dinescu et al. (2010) indicate that the overdensity is more metal poor than
the OA, but there are some uncertainties in their estimate of the metallicity and the
corresponding age of the stellar stream due to limited exploration of the parameters
in the isochrone fitting. Direct measurement of the metal enrichment in the stellar
stream is greatly needed for better comparison. Given the remarkable consistency in
spatial location between this newly-found overdensity and the satellite in our model
at t=0.3 Gyr, it is very likely that the stellar overdensity is the proper progenitor of
the OA. Another good candidate for the progenitor is the so-called CMa dwarf, an
overdensity of red giant stars identified from the 2MASS survey at l ≈ 240◦ , b ≈ −7◦
with v ≈ 110 km s−1 (Martin et al., 2004; Butler et al. , 2007). Interestingly, the CMa
dwarf is in approximately the expected place in the t ∼ 0.825 Gyr snapshots of our
model (Figs. 3.3-3.4). During 0.8 ∼ 0.9 Gyr, some of the test particles roughly match
the OA. While the distribution and kinematics of our model stripped gas clearly does
not match the OA in detail, many uncertainties remain in both the modeling and
the parameters of the satellite/orbit and MW halo that could affect the modeling
outcomes.
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Among many sources of uncertainties in our model, we have qualitatively examined
the impact of two primary factors directly related to the ram pressure stripping
process, which plays important role in regulating the gas behavior and is in our best
interest. The first factor is the MW hot halo density, whose spatial distribution and
absolute magnitude are completely unknown since there are very rare observational
evidence to constrain them. Fox et al. (2005) studied the HVCs toward HE 02264110 and PG 0953+414 and estimated n(H) = 4 − 9 × 10−5 cm−3 at 50 kpc for a fully
ionized T = 106 K Galactic corona. Note that their halo density heavily depends on
the assumed distance of those HVCs. In our model we simply assume an isothermal
halo with T = 106 K and an exponential density profile as described in section 2.1.
This gives the hot gas density n ≈ 1.65 × 10−4 atom cm−3 at r=50 kpc, which is a
factor of 2-4 times higher than Fox et al. (2005) obtained. Keeping the same form
of density profile but decreasing its magnitude to make n (H I) at 50 kpc consistent
with their values, we run several test cases and achieve very similar results as the
current model. It seems that the hot halo density does not have a significant effect
on the stripped gas dynamics within a factor of few. Another important factor we
explore further is the cross section of the stripped gas clouds, to which the force due
to ram pressure is proportional. In the current model the stripped gas clouds are
spherical with a radius about 0.25 kpc. Our experiments show that the gas cloud
dynamics is very sensitive to the change of its size. For example, if the radius is set
to 0.1 kpc, the effect of ram pressure would not be easily distinguished in the gl-gb
plot, in other words the gas particles would closely follow the star particles. On the
other hand, if the radius is too large (e.g., 0.4 kpc), the gas clouds would quickly fall
onto the Galactic disk within only one orbit time (∼ 0.65 Gyr). The high-resolution
N-body+SPH (smoothed particle hydrodynamics) simulations of simultaneous ram
pressure and tidal stripping within a MW-sized halo (Mayer et al., 2006) indicate
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the stripped gas clouds have a radius in the range 0.25-2.5 kpc, which makes the gas
clouds in our model the smallest population in their scenario.
In our simple model we do not track additional gas physics effects such as shock
heating, photoionization, evaporation, or instabilities. In reality their effects could be
consequential on the clouds’ survival time and final spatial locations. We assume the
stripped gas comes off neutral and remains neutral in the whole process. It is similar
to the case of allowing radiative cooling for the gas clouds. Our model only traces the
“cold” component of the overall stripped gas; although it is not ideal, it is reasonable.
Compared to an adiabatic cloud, a radiative cloud is more difficult to be disrupted
and destroyed by Kelvin-Helmholtz instabilities and shocks (Cooper et al., 2009).
Using the same method as Cooper et al. (2009), we estimate the crushing time-scale
(tcrush ) and the Kelvin-Helmholtz time-scale (tKH ) to be ∼ 108 yr and a few times
108 yr, respectively, for a gas cloud with radius R=0.25 kpc and temperature T = 104
K. When these gas clouds interact with the hot MW halo gas, their temperature
could rise up to 105 K as a result of compression. However, they quickly cool down
to 104 K with a cooling time-scale shorter than 107 yr. Just as Cooper et al. (2009)
suggested for the small clouds in their simulations, the clouds we consider here may
also remain sufficiently stable to ablation and survive to later times. Moreover, the
self-gravity of the clouds can make this possibility even more likely. However, our
model predicts that the gas clouds roughly resemble the OA with the CMa as the
potential progenitor at the time around 0.8-0.9 Gyr after it was stripped, which is
too long compared to its survival time. Therefore, the t=0.3 Gyr snapshot in Figs.
3.3-3.4 may be a better model.
Finally, although we can not exclude the traditional interpretation of the OA
as part of the Galactic warp, our hypothesis that the part of the OA with a large
vertical height is the accreted material from a disrupted dwarf satellite appears to
be plausible. However, to properly investigate the detailed effects of ram pressure

66

requires hydrodynamic modeling. If such modeling confirms the model, then this can
place constraints on the orbit and nature of the satellite and the impact of minor
mergers on the MW. An important test is whether the third- and fourth-quadrant
HVCs (shown as small gold and magenta dots in Figs.3.3-3.4, vis-a-vis the OA) are
consistent with the model. Traditionally, these HVCs as marked “W” in Fig.1 are
assumed to be part of the leading arm of the Magellanic Stream due to their location
in the sky. However, Thom et al.(2006) have shown that at least one of the W clouds
(WB) (part of the gold clouds at l = 225◦ − 265◦ and b=0◦ − 60◦ ) is closer than
the Magellanic Stream. It is clear that not all “W” clouds are affiliated with the
Magellanic Stream and their origin is still a mystery. The HVC complex WB cannot
be related to the Monoceros Ring as shown in Fig.3, but some of the “W” clouds
located below the Galactic plan in the third and fourth quadrant have the expected
location and velocities, although they are smaller and more fragmented than the OA.
Whether this is consistent requires fuller treatment of gas physics that can dissipate
the HVCs.
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CHAPTER 4
PROBING THE ORIGIN OF S0/LENTICULAR
GALAXIES WITH NGC4319, A UNIQUE
TRANSFORMING SPIRAL GALAXY

4.1

Introduction

Diverse galaxy morphology, one of the long-standing mysteries in astronomy, may
provide important clues about the evolution of galaxies, the formation of large-scale
structures and cosmology. In Hubble’s tuning fork diagram, the S0/lenticular galaxies
occupy an interesting linchpin position in between early-type ellipticals and latetype spirals. In the more physically motivated modern nomenclature, galaxies are
recognized to have a bimodal distribution in color-color diagrams, with the gas-poor
(”dead”) early-type galaxies predominantly occupying the ”red sequence” and the
gas-rich and star-forming late-type galaxies populating a ”blue cloud” (e.g., Strateva
et al. 2001). Naturally, all galaxies must begin as gas-rich star-forming objects, so a
fundamental question is: what physical processes drive the transmogrification of bluecloud galaxies into the red sequence? Visually, S0 galaxies share characteristics with
both ellipticals and spirals: they have a central bulge and stellar disk reminiscent
of many of spiral galaxies, but, like ellipticals, they are gas-poor and lack spiral
structure. In Edwin Hubble’s interpretation of galaxy morphology, S0 galaxies were
thought to play a key transitional role between early- and late-type galaxies.
S0 galaxies are the dominant type of galaxy in nearby galaxy clusters. The fraction of morphological types is a function of local galaxy density, well-known as the
morphology-density relation (Dressler 1980). The spiral galaxy fraction steadily decreases with increasing galaxy density and the elliptical and S0 fraction increases
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correspondingly. The morphology-density relation is viable over 6 orders of magnitude in galaxy density (Postman & Geller, 1984). Environmental factors clearly
play an important role in determining the morphology of galaxies, affecting the gas
content, star formation history, and structure of galaxies. The morphology-density
relation suggests that when gas rich, star-forming galaxies fall into clusters, they are
transformed by some processes into gas-poor, inactive S0s and ellipticals. Theoretically, there have been many ideas about the mechanisms regarding the formation
of S0s. Gunn & Gott (1972) suggested that ram pressure stripping due to hot intracluster gas in clusters can remove gas from spirals and transform them into S0
galaxies. Moore et al. (1996) argued that multiple high-speed encounters between
galaxies, ”galaxy harassment”, can drive the morphological evolution in clusters. In
the scenario of starvation (Larson et al. 1980), S0 galaxies are former spirals that lost
their external gas supply at a relatively early stage and consumed their remaining
gas by star formation. Tidal distortion due to the cluster potential and galaxy-galaxy
interactions (Byrd & Valtonen , 1990; Bekki , 1999) is another mechanism that can
transform infalling spirals to S0s. In addition, the combination of two or more above
or other processes may lead to more effective gas stripping (e.g., tidal stripping combined with ram pressure stripping, e.g., Mayer et al. 2006) and hence more effective
morphology transformation.
The seminal work of Gunn & Gott (1972) emphasized the potential importance of
ram-pressure stripping, but recent studies have indicated that this process is probably
more complicated than the original Gunn & Gott treatment. For example, Quilis et
al. (2000) have used three-dimensional, high-resolution hydrodynamic simulations
to investigate the hypothesis that S0 galaxies are created when ram pressure and
turbulent/viscous stripping remove the interstellar gas from spiral galaxies. They
find that if the ISM of the spiral is a patchy multiphase entity (as observed in real
spirals), these mechanisms can effectively sweep away the interstellar gas with great

69

efficiency, rapidly truncate star formation in luminous galaxies, and naturally account
for the morphology of S0 galaxies. Quilis et al. made several key predictions: (1) The
vast majority of the atomic hydrogen content of the spirals can be removed by ram
pressure within ∼ 108 years. (2) However, due to their higher densities, molecular
gas clouds are minimally affected by ram pressure stripping. The covering fraction of
the molecular clouds is too small to prevent stripping of the H I, but the molecular
material is mostly unaffected. (3) When most of the H I gas has been stripped, star
formation will quickly expend the remaining molecular matter, and star formation
should cease within ∼ 107 yrs. Indeed, Quilis et al. argued that the elevated ISM
pressure in the rammed galaxy could stimulate a burst of star formation. This would
explain the ”post-starburst” spectra (e.g., strong H I Balmer lines) often observed in
S0 galaxies.
We have identified a nearby spiral galaxy, NGC 4319 (z = 0.00453), that appears to
match many of the predictions of Quilis et al. for a spiral undergoing a transformation
into an S0 due to ram-pressure stripping, possibly in tandem with tidal stripping. As
we will show in this paper, NGC4319 has the following unusual characteristics: (1)
The object is clearly a barred spiral with dust lanes in the vicinity of the bar, but
it has lost most of its diffuse interstellar H I. Moreover, a new VLA (Very Large
Array) 21cm emission map shows that the little remaining H

I

in the galaxy has a

cometary (head-tail) morphology and is clearly offset from the optical center of the
spiral. (2) However, despite the paucity of H I, ultraviolet absorption spectroscopy of
Mrk205, an AGN behind NGC4319, shows that molecular hydrogen remains in the
disk of the galaxy. The H2 column density is low, but the molecular gas fraction is
extraordinarily high. CO emission is also clearly detected, but only from the barred
central region. (3) Imaging with the Spitzer Space Telescope (SST) shows very little
evidence of recent star formation. Only the bar and galaxy center shows indications
of significant on-going star formation; the spiral arms are optically red and show little
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or no emission at 8 or 24 microns. This galaxy appears to be expending the last of
its gas reservoir and is “shutting down“. In addition, a remarkable aspect of this
spiral is that it is not in the type of environment where ram pressure is expected to
be effective, i.e., it is not in a rich galaxy cluster with a relatively dense intracluster
medium. Instead, NGC4319 is in the loose galaxy group centered on the elliptical
galaxy NGC4291. Extended and diffuse X-ray emission indicative of an intragroup
medium has been detected in the vicinity of NGC4291, but at typical intragroup
densities, NGC4319 would need a substantial velocity to have its ISM stripped so
completely. We note that NGC4319 has a distended spiral arm, so this may be a case
where the combined effects of ram pressure and tidal stripping are transforming the
galaxy.
We initiated our study of NGC4319 because a bright background Seyfert galaxy
Mrk205 (l = 125.4◦ , b = 41.7◦ , zAGN = 0.071) behind this galaxy at a projected
distance of 0.7 arcmin from its nucleus, corresponding to a projected distance of
4 h−1
75 kpc. This bright background AGN enables investigation of low-density gas, via
absorption spectroscopy, that is difficult or impossible to detect in emission. Indeed,
the NGC4319 absorption lines imprinted on the spectrum of Mrk205 are the only way
that we were able to detect the gas with a remarkably high H2 fraction and paucity
of H I. Following the detection of this unusual molecular gas, we obtained a variety
of follow-up observations to more completely probe the nature of this galaxy, and in
this chapter we present our findings.
Our investigation is based on high resolution UV spectra of Mrk205 observed with
the Space Telescope Imaging Spectrograph (STIS) aboard HST and Far Ultraviolet
Spectroscopic Explorer (FUSE), H I 21 cm map of NGC4319 obtained with VLA, 12 CO
emission detection in NGC4319 using the Five College Radio Astronomy Observatory
(FCRAO) 14 m telescope, and infrared maps of NGC4319 provided by Spitzer. After
a detailed analysis of the wealth of observations on a particular spiral galaxy which
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appears to be in the process of transforming into an S0 galaxy visually, we discuss the
nature and implications of the absorption line properties and offer some comments
on the possible origin of the S0 galaxy. Our study is expected to shed light on the
crucial questions regarding the morphology transformation physics, such as, when and
how did spiral, lenticular, and elliptical galaxies form? What processes govern the
evolution of galaxies from the gas-rich spirals into the gas-poor S0s and ellipticals?
How do these processes affect the evolution of galaxies, ISM properties, and the starformation history in galaxies? etc.

4.2

Observations and Data Reduction

4.2.1

STIS and FUSE Grating Spectroscopy

The sight line toward Mrk205 has been observed with the Goddard High-Resolution
Spectrograph aboard HST (Bahcall et al. 1992; Bowen et al. 1991, 1993), but conclusions regarding the ISM properties of the intervening galaxy NGC4319 were limited
due to the low spectral resolution and/or wavelength coverage of the facility. Here our
study is based primarily on the spectroscopy observations of the quasar acquired with
the E140M echelle mode of STIS and LWRS aperture mode of FUSE. The E140M
echelle mode of STIS with the 0.′′ 2 × 0.′′ 06 slit typically provides 7 km s−1 resolution
(FWHM) with 2 pixels per resolution element and covers the wavelength range of
1150-1730 Å. The STIS data are reduced using CALSTIS as described in Tripp et
al. (2001, 2005). The spectral resolution of FUSE data is moderate, ∼ 20-25 km s−1
(FWHM), and the spectral range extends from 905 Å to 1187 Å. Our FUSE observations along the sight line to Mrk205 took place on 2003 November 13-17. In the
following investigation, we also include the LiF1 and LiF2 data from previous observations with FUSE program ID Q1060203000 and S6010801000 in order to improve
the overall S/N of the final combined spectrum. During our observations Mrk205 was
centered in the large (LWRS; 30”×30”) aperture of the LiF1 channel of detector 1 for
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50 exposures totalling 144 ks. Since Mrk205 is a relatively faint background target for
FUSE (the measured flux on average is less than 2.0 × 10−14 erg cm−2 s−1 Å−1 ), and
there may exists small channel drifts due to the misalignment of the FUSE optical
bench, the resulted signals in the two SiC channels are fairly noisy. So far in this
work we restrict our main attention to the data from two LiF channels, but we also
make use of the data from SiC2a channel due to the fact that it covers some atomic
and molecular absorption lines very useful in our investigation and has a better S/N
ratio compared with SiC1 channel. Moreover, since some airglow emission lines from
the Earth’s atmosphere excited by sunlight are present at various wavelengths in the
spectrum of this particular channel, we only use the data recorded on the night side
of the orbit in its wavelength coverage 917-1006 Å.
We use CALFUSE v3.0.7 to process FUSE data (Dixon et al., 2007), including
removing data during the South Atlantic Anomaly passes and at low Earth limbangles, filtering detector deadtime, correcting for the drift of gratings, astigmatism
and Doppler shifts due to the orbital motion of the satellite, and finally subtracting a detector background and applying wavelength and flux calibration. Individual
exposures of each observation visit are then combined using exposure time as the
weight. The combined spectra are co-added to yield a final spectrum for each channel of two individual detectors. To further improve S/N, we merge the spectra of two
LiF channels together weighted by their inverse variance. All the processed FUSE
data are rebined to a sampling interval of ∼ 8 km s−1 per pixel. We calibrate the
zero point of the wavelength scale of FUSE data by aligning well-detected lines in the
FUSE spectra with appropriate, comparable-strength lines in the corresponding STIS
spectrum, which has a typical wavelength calibration accurate to ∼ 2 − 4 km s−1 .
For example, aligning the Galactic interstellar Fe II 1144.94 Å and/or C II 1036.34
Å lines in FUSE spectrum with the Milky Way (MW) Fe II 1608.45 Å and/or C II
1334.53 Å lines in STIS spectrum, respectively.
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4.2.2

Ancillary Optical, Infrared, and Radio Observations

NGC4319 was observed with the National Optical Astronomy Observatory (NOAO)
8k×8k CCD mosaic camera (MOSA, Muller et al. 1998), on the Kitt Peak National
Observatory (KPNO) 4-m telescope. The observation took place on 2003 January
30 with seeing ranging from 0.9 to 1.4 arcsec. Images were taken in R band in a
17.7 × 8.9 arcmin2 field of view with a scale of 0.26 arcsec pixel−1 . The data were
reduced with the IRAF software package MSCRED following standard procedures.
We have mapped NGC4319 and its nearby group numbers, NGC4291, NGC4386,
and MCG+13-09-023 with IRAC (Fazio et al. 2004) in 3.6, 4.5, 5.8, and 8.0 µm
bands and with MIPS at 24, 70, and 160 µm using Spitzer. Our own data reduction
of these observations has not been accomplished at this moment. For preliminary
qualitative analysis, we directly use the post-BCD images downloaded from Spitzer
website. Currently, we mainly focus on the 8 µm and 24 µm images of NGC4319,
which can provide useful information about the dust distribution and on-going star
formation in the galaxy. The measured 8 µm point-spread function (PSF) FWHM is
2.′′ 1. At 24 µm, the PSF FWHM is ∼ 5′′ .7. The 24 µm image and also images in
the other two MIPS bands, 70 and 160 µm, are considered “dust” images in general,
since at these wavelengths the contribution from the photospheric emission of stars
is negligible.
The
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CO observations of NGC4319 were performed on 2005 February 12 and

May 11 using the 14 m millimeter-wavelength telescope and the 32 pixel focal plane
array SEQUOIA of FCRAO. At the frequency of the CO (J=1-0) transition (115.27
GHz), the half-power beamwidth of the telescope is 45”. The antenna temperature were corrected for the main-beam efficiency of 0.45. The backend systerm, the
Quarry extragalactic filterbanks (QEFs), provides 16 backends configured with 320
MHz bandwidth and 64 spectral channels. The velocity sampling is ∼13 km s−1 .
During the first observation, the telescope was pointed at the center of the galaxy
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Table 4.1. FCRAO

12

CO(J=1-0) Observation of NGC 4319

Observation
time

Pointing position
Corr. location R.A.(J2000) Decl.(J2000)
of galaxy
(hh mm ss)
(dd mm ss)

2005-02-12
2005-05-11
2005-05-11
2005-05-11
2005-02-12

galaxy center
galaxy center
northern arm
southern arm
Mrk 205

12
12
12
12
12

21
21
21
21
21

43.90
43.90
47.80
52.20
44.04

75
75
75
75
75

19
19
20
18
18

21.00
21.00
22.39
19.40
38.19

Integration
time
(s)

System
temperature
(K)

18900
7500
18940
16870
19200

494.5
350
336
332
366

and then the quasar Mrk 205. In the second observation run, three different regions
of NGC4319 were observed, the nucleus, the northern and southern spiral arms of the
galaxy. The CO observations are summarized in Table 4.1. The spectra of CO emission line from the center of NGC4319 obtained from two observations were combined
to produce a final spectrum with higher S/N.
We have also mapped the H I 21cm emission from NGC4319 using the 2IF spectrometer mode of the VLA in its C configuration. The observation was carried out on
Nov.14, 2006 for a total of 18hr. Center frequency was 1.42 GHz and total bandwidth
was 3.125 MHz (660 km s−1 ) with a frequency resolution of 48.8 kHz (10.4 km s−1 ).
The data were reduced using the standard calibration and reduction prodedures in
the Astronomical Image Processing System (AIPS). After applying the amplitude
and phase calibration to the data using the calibrators, the sources were split from
the main data set and imaged using the task IMAGR.

4.3
4.3.1

Analysis and Results
Group Environment of NGC4319

It has long been known that NGC4319 is a member of the NGC4291 galaxy group,
which contains at least 11 members (Geller & Huchra 1983) and shows diffuse X-ray
emission indicative of a hot intragroup medium (Mulchaey et al. 2003). Sengupta &
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Figure 4.1 Distribution of galaxies in the NGC4589 group with a zoom-in on the
vicinity of NGC4319. Different symbols represent galaxy morphologies, and the symbol size and color indicates the heliocentric velocity difference (in km/s) between
NGC4319 and the rest of the group members as indicated in the key at right. Diffuse
X-ray emission contours for the group detected with the X-ray observatory ROSAT
by Mulchaey et al. (2003) is shown in the zoom-in plot.
Balasubramanyam (2006) found that NGC4319 belongs to a more extended group, the
NGC4589 group. In Table 4.2, we list some basic information about the 17 members of
the NGC4589 group, including the galaxy name, their equatorial coordinates, optical
magnitudes, morphological types, and heliocentric velocities. Clearly, this group is a
spiral-dominated ensemble. The velocity dispersion of the group is around 197 km
s−1 . Fig.4.1 shows the distribution of the galaxies in the group with a zoom-in on the
vicinity of NGC4319. Different symbols represent galaxy morphology, and symbol
size and color indicates the heliocentric velocity difference between NGC4319 and the
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Table 4.2. Galaxy Members in Group NGC 4589
Galaxy
Name
(1)
NGC 4319
NGC 4386
NGC 4291
NGC 4363
NGC 4331
UGC07189
UGC07265
UGC07238
UGC07872
NGC 4133
NGC 4159
NGC 4589
NGC 4648
NGC 4127
UGC07844
UGC07908
UGC07086

R.A.(J2000)
(hh mm ss)
(2)
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12

21
24
20
23
22
11
15
13
41
08
10
37
41
08
40
43
05

43.9
28.3
18.2
28.4
35.9
18.7
04.9
53.8
53.3
49.9
53.6
25.0
44.4
26.3
49.9
37.8
56.1

Decl.(J2000)
(dd mm ss)
(3)
+75
+75
+75
+74
+76
+74
+76
+74
+75
+74
+76
+74
+74
+76
+73
+73
+77

19
31
22
57
10
48
14
30
18
54
07
11
25
48
43
36
30

Optical
Magnitude
(4)

Morphological
Type
(5)

Velocity
(km s−1 )
(6)

12.80
12.67
12.43
14.30
14.64
14.50
16.50
16.00
16.00
13.11
14.38
11.69
12.96
13.25
16.50
15.25
15.10

Sab
S0
E
Sb
Im
Sdm
Sdm
Scd
Im
Sb
Sdm
E
E
Sc
Sd
Scd
Sb

1357
1676
1731
1427
1570
1683
1854
1744
1886
1356
1746
2002
1518
1837
1863
1668
2010

21
44
15
08
21
30
08
01
25
16
33
31
15
15
08
45
18

Note. — The galaxy morphological type and radial velocity are from HyperLeda
(Paturel et al. 1997); other information is from NED.

rest of the group members. X-ray observations have suggested that there exists hot
intragroup gas in the group. In the zoom-in frame, contour map of diffuse X-ray
emission for the group detected with the X-ray observatory ROSAT by Mulchaey et
al. (2003) is plotted. The diffuse X-ray emission is peaked on the elliptical galaxy
NGC4291, which is 6.2’ away from NGC4319.
4.3.2
4.3.2.1

STIS and FUSE Results
Metal and Atomic Hydrogen Measurement of NGC4319

The final UV spectrum of NGC 4319 is quite complicated with absorption lines
from the interstellar absorption lines associated with NGC4319 overlapped with a
great deal of absorption features due to the ISM of our Galaxy and the high velocity
clouds (HVCs), which are gas clouds at velocities that deviate substantially from
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Figure 4.2 Portion of the FUSE spectrum of NGC 4319. Most of the absorption lines
in this region are due to molecular hydrogen in the interstellar medium of this galaxy
and our Milky Way. The identifications for these lines are shown at the top of the
spectrum with black set of tick marks indicating absorption in the Milky Way and red
set of tick marks representing absorption in NGC 4319. Additional atomic features
are also indicated with blue tick marks.
normal Galactic rotation (Wakker & van Woerden 1997). Selected portion of the
FUSE spectrum of NGC4319 is shown in Fig.4.2. Interstellar Fe II and Ar I lines are
labeled with blue tick marks. Absorption features due to H2 both in the Milky Way
and NGC4319 are indicated with black and red tick marks, respectively.
As the most abundant atom, neutral hydrogen plays a important role in gas dynamics and chemical evolution. The Lyα feature associated with NGC4319 is positioned in the red wing of the MW Lyα absorption line. As shown in Fig.4.3, the red
line in the top panel is the fit to the Galactic damped Lyα line, which well determines
the continuum near the redshifted Lyα feature due to NGC 4319. The bottom panel
is a plot of the normalized flux of NGC4319 Lyα absorption vs. velocity centered on
the absorber by taking the red line in the top panel as the flux continuum (indicated
with the green dashed line here). Although the Lyα absorption line of NGC4319 is
saturated, it is obvious that the H I in NGC4319 is not dense enough to produce
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Figure 4.3 Top: Observed STIS spectrum toward Mrk 205 near the Galactic Lyα absorption line; The red line describes the background continuum by fitting the Galactic
damped Lyα feature. Bottom: Normalized flux vs. absorber velocity for the NGC
4319 Lyα line. The green dashed line indicates the normalized continuum, same as
the red line in the top panel. A Voigt profile fitting is overplotted with the blue solid
line.
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strong damped wings in its Lyα profile. In the search for higher-level weaker Lyman
series lines, we identify the other three H I features, Lyǫ, Lyζ, Lyθ from FUSE spectrum free of contamination. All of the three lines are saturated. Simultaneous Voigt
profile fitting is applied to the total four Lyman absorption lines and the best fit is
shown as the the solid blue line in Fig. 4.3. The best fit gives us the neutral hydrogen
column density logN (HI) = 18.07 cm−2 . However, the true H I column density could
be lower than the value, considering the possibility that the features that appear to
be weak damping wings in the Lyα profile are actually high-velocity fluff or simply
spectral noise. Therefore it is more reasonable to treat this value as an upper limit
on the H I column density.
A variety of atomic metals at different ionization states are detected around v ∼ 0
in the rest frame of NGC 4319 in both the STIS and FUSE spectra as shown in
Fig.4.4, including O I, N I, C I, S II, Si II, Al II, Si III, Si IV and C IV. The
absorption feature of Fe II is not apparent at the 3σ significance level. The stronger
line of O VI doublet, O VI λ1031.93, is redshifted into the core of the Galactic C II
λ1036.34 line, and the weaker line O VI λ1037.62 is right next to an airglow emission
feature. Consequently, the column density of O VI can not be reliably measured.
From Fig.4.4, it is clear that almost all of the low ionization metals show two velocity
components in their absorption profiles (like O I, C I and Si II), although such twocomponent structure is not so obvious in those lines detected in FUSE bandpass due
to the lower resolution power of FUSE (e.g., O I λ1039.23). The high ion Si IV
also shows two velocity components in its profile, while the line profiles of the other
two highly-ionized species, Si III and C IV doublet, are more complicated, showing
at least three velocity components. It is also important to note that several of the
metal lines are strong and unresolved saturation could be potentially problematic,
for example O I λ1302.17, C IV doublet and N I triplet. We use two techniques
to estimate the column densities of observed metals in the ISM of NGC4319. One
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Figure 4.4 Continuum-normalized UV absorption line profiles (histograms) detected
in the STIS and FUSE spectra toward Mrk205. The data are plotted vs. velocity in
the rest frame of NGC 4319. The fitting profiles are overplotted as red solid lines.
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Table 4.3. Metal Line Equivalent Widths and Column Densities
Species

λ(Å)

logf λ

Wλ (mÅ)

log Na

O I...
O I...
C I...
N I...
N I...
Si II.
Si III
C IV..
C IV..
Si IV.

1039.23
1302.17
1656.93
1199.55
1200.22
1304.37
1206.50
1548.20
1550.78
1393.76

0.974
1.796
2.367
2.199
2.018
2.052
3.293
2.468
2.167
2.854

60 ± 7
157 ± 4
107 ± 6
121 ±11
110 ± 9
101 ± 4
192 ±16
257 ±15
161 ±16
111 ± 8

+0.05
14.94−0.06
≥ 14.70a
13.66 ± 0.03
≥ 13.98
≥ 14.13
14.10 ± 0.03
≥ 12.84
≥ 13.96
≥ 14.05
13.23 ± 0.04

log(Npf )
15.01 ± 0.12
...
13.68 ± 0.09
16.74 ± 0.43
...
14.17 ± 0.07
...
14.17 ± 0.55
...
13.25 ± 0.13

approach is to directly integrate the “apparent column density” profiles (Savage &
Sembach 1991) and this method can obtain a good measurement of the total column
density for unsaturated lines. The second approach is to use the standard Voigtprofile fitting procedure, which can adequately correct for unresolved saturation to
some level. The metal line equivalent widths and total column densities (including all
velocity components) calculated from the two methods are summarized in Table 4.3.
For the saturated lines, we give the upper limit on their column densities.
As shown in Fig.4.4, the low ions and high ions present quite similar velocity
structures, but the centroids and line widths are not identical, which can be seen
more clearly in Fig. 4.5. Si II λ1304.37 is taken as a comparison template, because it
is clearly detected at the redshift of NGC4319, moreover, its profile is not saturated
and has a nice shape. The Si II Na (v) profile is compared with the scaled O I, C
I, S II, Al II, Si IV and C IV doublet profiles. We find that the centroids, velocity
widths, and overall line shapes of all ions are remarkably alike. However, the high ion
Si IV and C IV show slightly different centroids and broader line widths compared
with the low ions, and C IV is the only metal that shows a third component at a
positive velocity. Note in the lowest-right panel, the weaker line of C IV doublet
(at λ1550.78) produces higher Na (υ) profile than the corresponding stronger line (at
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Figure 4.5 Comparison of the apparent column density profile of Si II λ1304.37 to the
scaled Na (υ) profiles of O I, C I, S II, Al II, Si IV and C IV doublet.
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Figure 4.6 Molecular hydrogen absorption from J=0-3 in the FUSE spectrum of NGC
4319. The red lines show profile fits for each individual J level.
λ1548.20), which indicates that these lines are saturated. In addition, at 3σ limit we
do not detect the strong transition of Fe II λ1608.45, and the Al II λ1670.79 line is
relatively weak.
4.3.2.2

Molecular Hydrogen Measurement of NGC4319

Molecular hydrogen can produce a great deal of absorption lines from different
electronic, vibrational, and rotational transitions in the UV bandpass, and some of
the lines are clearly detected at the velocity of NGC4319 in the FUSE spectrum of
the background QSO Mrk205. Before we search for the H2 features affiliated with
NGC4319, we first identify all the Galactic H2 absorption lines using the molecular hydrogen optical depth templates particularly made for FUSE data (McCandliss 2003).
After that, we detect total 17 absorption lines from J=0 up to J=3 rotational levels
in the Lyman and Werner series due to NGC4319, as shown in Fig.4.6. Simultaneous
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Table 4.4. H2 Column Densities from Profile Fitting
Ja
(1)

b
(K)
Eex
(2)

gJc
(3)

0......
1......
2......
3......

0
170
510
1014

1
9
5
21

bd (km/s)
(4)
10.80±
23.09±
26.76±
18.74±

1.82
1.05
1.10
1.20

log(Npf )
(5)
14.43±
14.97±
14.71±
14.60±

0.16
0.02
0.03
0.06

Note. — (1) Rotation states at vibrational energy
level v ′′ = 0; (2) Temperature equivalent excitation
energies; (3) Statistical weights; (4) Doppler parameters; (5) Column density from Voigt fit.

fitting is also adopted here with single velocity component for each J. The red lines
overplotted in Fig.4.6 show the best fitted profiles. In Table 4.4, we list Doppler
parameter b and logarithms of column density N, as well as the excitation energy
and statistical weight for J=0-3. The total H2 column density is nearly equivalent
to the sum of all column densities for levels J=0-3 (no absorption line with J ≥ 4
detected), which gives log[N(H2 )]∼ 15.33 cm−2 . Unfortunately, for the strongest H2
transitions in the shorter wavelength range (below 980Å), we can not obtain reliable
measurements due to the low signal-to-noise ratio of the SiC2a channel which covers
the lines of interest, and the severe blending of the H2 lines with Galactic H2 or
atomic absorption lines.
In Table 4.5, we list the 17 H2 absorption lines from four rotational states (J=0,
1, 2, 3) free of contamination, as well as their equivalent widths and apparent column
densities. For rotation level J=1 and 2, multiple H2 lines (more than 2) are detected.
Fig.4.7 and 4.8 show the apparent column density profiles of lines from the two
rotation states. For each J level, the weakest line is taken as a comparison template,
and its Na (υ) profile is compared with these of the other stronger lines, which are
arranged in order of increasing strength (weakest at upper left and strongest at lower
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Table 4.5. H2 Absorption Line Measurement in NGC 4319
J

Transition

λavac (Å)

log(fλ)a

Wλ (mÅ)

N ab (cm−2 )

0......
1......
1......
1......
1......
1......
1......
1......
1......
1......
2......
2......
2......
2......
2......
3......
3......

Lyman R(0), 8-0
Lyman P(1), 3-0
Lyman P(1), 4-0
Lyman P(1), 8-0
Lyman P(1), 5-0
Lyman R(1), 3-0
Lyman R(1), 4-0
Lyman R(1), 8-0
Lyman R(1), 6-0
Lyman R(1), 7-0
Lyman P(2), 4-0
Lyman R(2), 3-0
Lyman R(2), 4-0
Lyman R(2), 5-0
Werner Q(2), 0-0
Lyman R(3), 4-0
Lyman R(3), 7-0

1001.82
1064.61
1051.03
1003.29
1038.16
1063.46
1049.96
1002.45
1024.99
1013.43
1053.28
1065.00
1051.50
1038.69
1010.94
1053.98
1017.42

1.426
0.780
0.910
0.933
0.952
1.101
1.210
1.264
1.305
1.318
0.976
1.057
1.165
1.235
1.394
1.146
1.271

46.15±12.84
53.28±10.26
68.42± 8.90
38.64±12.16
70.84± 6.71
94.10±12.94
96.28± 8.47
88.00±13.73
103.16±13.98
99.95±12.01
51.97± 7.34
44.06± 8.94
52.79± 9.03
50.14± 6.39
75.65±11.08
50.17± 6.45
45.67± 9.09

14.40±0.13
0.18
15.05±0.08
0.10
15.05±0.06
0.07
14.84±0.13
0.19
15.03±0.05
0.05
15.02±0.06
0.07
14.95±0.05
0.05
14.89±0.09
0.11
14.89±0.07
0.08
≥ 14.85
14.85±0.06
0.08
14.68±0.09
0.11
> 14.65
> 14.59
> 14.63
14.67±0.06
0.07
14.51±0.09
0.11

a

Vacuum wavelengths and oscillator strengths are from Morton (1991).

b

Apparent column densities with 1 σ error.

right). Unrelated features in all the profiles are plotted with dotted lines for the
purpose of clear comparison. For J=1, we find in Fig.4.7 that the Na (υ) profiles of
weaker lines show reasonable agreement within the noise. However, the strongest line
clearly shows evidence of saturation, e.g., its profile amplitude is much lower than
that of the weakest line from the same rotation state. For J=2 in Fig.4.8, except the
first panel, all of the three other panels show strong evidence of saturation.
The most significant effect of saturation is to make the estimated column density
lower than its true value. It is important to bear in mind that the Voigt profile fitting
can only adequately correct for unresolved saturation to certain extend. Moreover, in
our case it is possible that there exists unresolved saturation in the lines from J=0 and
J=3, too. Based on these facts, the total H2 column density log[N(H2 )]∼ 15.33 cm−2
derived from the fitting procedure should be carefully taken as a lower limit. In
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Figure 4.7 The Na (υ) profile of the weakest H2 line (λ1064.61) detected from J=1
(black histogram) vs. Na (υ) of the other stronger lines from the same J level (red
histogram). From upper left to lower right, the strength of the lines is increasing.
Unrelated features in the profiles are plotted with dotted lines. Wavelength is shown
in each panel. The log(f λ) value, an indicator of the line strength, is shown in
parentheses.
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Figure 4.8 Similar plot as Fig.4.7, but here the Na (υ) profile of the weakest H2 line
(λ1053.28) detected from J=2 (black histogram) is compared with the Na (υ) of the
other stronger lines from the same J level (red histogram).
Fig.4.9, we compare the molecular fraction from the Small Magellanic Clouds (SMC),
Large Magellanic Clouds (LMC), and Milky Way samples with the value of NGC4319.
The Milky Way data were collected by Copernicus ultraviolet telescope in a survey
of Galactic interstellar H2 in the J=0 and 1 rotational levels of the v ′′ = 0 vibrational
state toward 109 stars (Savage et al. 1977). The measurements of SMC and LMC are
provided by Tumlinson et al. (2002) in a survey of H2 along 70 sight lines to the SMC
and LMC, where the average molecular fraction is found to be < f >= 0.010+0.005
−0.002
for the SMC and < f >= 0.012+0.006
−0.003 for the LMC. The area enclosed by the purple
dashed lines in the plot indicates values typically predicted in models of clouds of H2
using a full range of kinetic temperature, gas density, cloud size and different grain
formation rate and UV radiation field (Browning, Tumlinson, & Shull 2003). As we
can see from the plot, NGC4319 shows a quite extraordinary relationship between
H2 fraction vs. total hydrogen content. Taking into account that the adopted N(H I)
and N(H2 ) of NGC4319 are upper limit and lower limit, respectively, the red diamond
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Figure 4.9 UV absorption measurement of the H2 fraction f (H2 ) ≡
2N (H2 )/[2N (H2 ) + N (HI)] vs. the total hydrogen column density in NGC4319
(open diamond). For comparison, the H2 fractions measured in the LMC (Tumlinson
et al. 2002), SMC (Tumlinson et al. 2002), and Milky Way (Savage et al. 1977) are
also plotted. The area enclosed by dashed lines indicates values typically predicted
in models of clouds of H2 (Browning et al. 2003).
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will move to the upper left corner of the plot, which makes it even more deviate from
the other sample points in the figure.
4.3.3

Results from Observations with KPNO, Spitzer, VLA and FCRAO

Fig.4.10 shows the DSS optical image of NGC4319 and its three neighbors, NGC4291,
NGC4386, and Mailyan068, with H I 21cm emission observed with VLA overplotted
as red contours with increments of 5 × 1019 cm−2 . The H I 21cm emission is clearly
detected around two individual spiral galaxies, NGC4319 and Mailyan068. For close
inspection of the H I distribution in these two galaxies, the zoom-in pictures of them
are also presented. We find that the 21cm emission in NGC4319 is completely asymmetric and offset to the northwest of its nucleus. It is mainly distributed inside the
inner most northern spiral arm and has a cometary morphology. To the south-west
of NGC4319, the dwarf galaxy Mailyan068 shows a large HI envelope that is much
more extended than the optical counterpart, and in contrast to the H I in NGC4319,
it is nicely centered on the optical galaxy. This demonstrates that we do not have
calibration problems that are artificially offsetting the NGC4319 21cm from the center of the galaxy. The distribution of H I in NGC4319 indicates that NGC4319 has
been experiencing some kinds of interaction and therefore loosing most of its neutral
gas. Such interaction could be with the hot intragroup medium as indicated by the
detection of diffuse X-ray emission in the group, or with its nearby group members.
Fig.4.11 presents a zoom-in on NGC4319 of the deep R-band image of NGC4319
field obtained with the KPNO 4m telescope, using inverted color and mild (left panel)
and harder (right panel) stretch. As seen from the left image, the bright background
QSO Mrk205 (l = 125.4◦ , b = 41.7◦ , zAGN = 0.071) is located immediately behind
NGC4319 within 0.7 arcmin of its nucleus, corresponding to a projected distance
about 4 h−1
75 kpc. It is right inside the most inner trailing southern arm (Sulentic &
Arp 1987). This image also indicate that there exists bar structure at the nucleus
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Figure 4.10 DSS optical image of NGC4319 and its three group neighbors (NGC4291,
NGC4386 and Mailyan068) with 21cm emission map overplotted as red contours. The
lowest contour corresponds to N (HI) = 5 × 1019 cm−2 , and the H I contours increase
in increments of 5 × 1019 cm−2 ). 21cm emission is clearly detected around NGC4319
and Mailyan068, both shown in the zoom-in plots for closer inspection. The green
box outlines the field of view of the KPNO observations.
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Figure 4.11 Zoom in on KPNO image of NGC4319 with mild (left) and harder (right)
stretch to show its central bar and distorted spiral arms. The background QSO
Mrk205 at z=0.071 is labeled.
of NGC4319. With much harder strength, the right panel shows that the galaxy
is severely distorted. There clearly exists a faint tidal feature extending at least 4
arcmin from the northern spiral arm, while the southern arm only shows a sharp edge.

In Fig.4.12 we present some of the preliminary results from Spitzer observations.
The images have the same size and orientation with north to the top and east to
the left, and show only the central ∼ 2.0 × 1.5 arcmin2 region of NGC4319. At the
redshift of NGC4319 (z=0.00453), 1 arcmin corresponds to about 5.4 Kpc. The MIPS
24µm image is shown in the upper-left panel and the green contours are at 0.1 MJy/sr
intervals between 19.65 and 20.05 MJy/sr. The 24µm luminosity is particularly useful
for constraining the local star-formation rate (Calzetti et al. 2005). As the image
demonstrated the current star formation of NGC4319 is fairly contentrated in the
very central region of the nucleus of the galaxy. A dust emission image at 8 µm is
presented in the lower-left panel with H I 21cm contours previously shown in Fig.4.10
overplotted as red curves. The better resolution of IRAC compared to MIPS enables
us to identify more detailed structure of the nucleus of NGC4319. The dust emission
contributed mainly by PAH (Polycyclic aromatic hydrocarbons) peaks at the center
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Figure 4.12 Spitzer images in different wavelengths showing the barred nucleus of
NGC4319. The PAH image is produced by subtracting the 3.6 µm emission from the
8 µm image.
bar region of the nucleus, and there exist several dust lanes with bright emission
spots embedded in them. Potentially, the 8 µm image can be contaminated by stellar
emission, which is the dominant component for the emission at 3.6 µm (shown in the
lower-right panel) (and also 4.5 µm). In order to obtain the pure PAH image, we
subtract the 3.6 µm emission from the 8 µm image and the result is shown in the
upper-right panel of the plot. The PAH-only image is very similar to the 8 µm image.

The observed profiles of CO emission from the central nucleus region of the galaxy,
the north spiral arm, the south spiral arm, and the region inside the inner most
southern spiral arm pieced by the Mrk205 sight line, are plotted in Fig. 4.13. The red
tick marks in the top and bottom panel indicate the systemic velocity of NGC4319
(1357 km/s) and the velocity centroid of the observed absorption lines in the UV
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Figure 4.13 FCRAO 14m detections of CO emission from NGC4319. From top to
bottom, the spectra are obtained by pointing the telescope to the galaxy center,
north spiral arm, south spiral arm, and Mrk205. The red tick mark in the top and
bottom panel indicate the systemic velocity of NGC4319 (1357 km/s) and the velocity
centroid of the observed absorption lines in the UV spectrum of Mrk205 (∼ 1281
km/s), respectively.
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spectrum of Mrk205 (∼ 1281 km/s), respectively. Strong CO emission is clearly
detected from the center of the galaxy (1st panel). The profile from the galaxy
center shows double peaks, which are distributed approximately symmetric around
the systemic velocity of NGC4319. To estimate the total H2 mass in the center
of NGC4319, we first calculate the H2 surface density, which is related to the CO
emission in the form of
NH2 = χ

Z

TR (CO)dυ,

(4.1)

where TR is the antenna temperatures corrected for the main-beam efficiency of 0.45,
and χ is a CO-H2 proportionality factor (2.8×1020 H2 cm−2 (K km s−1 )−1 ) (Kenney &
Young 1989). Here the integration range of the CO emission is chosen from v=1150
km/s to v=1500 km/s. Given NH2 , it is straightforward to estimate the mass of H2
within the main beam based on the following formula,

MH2 = mH2 NH2 π[

θ π 2 2
]d,
3600 180

(4.2)

where mH2 is the mass of a single H2 molecule, θ is the beam size of the telescope
in the unit of arcsec, and d is the distance of the galaxy. Adopting θ = 45′′ and
d = 17.5 Mpc, we derive the H2 mass within the main beam is (5.82 ± 0.53) × 108
M⊙ at the center of NGC4319. The quoted error in the mass is at 1σ. However,
there is no CO emission detected in the other three spectra shown in Fig.4.13. The
RMS of these spectra is ∼ 0.004 (K km/s). To estimate the 3σ upper limit on the
H2 mass from the nondetections, we need to know the velocity dispersion within the
beam size. Although Sulentic & Arp (1987) constructed a partial velocity field using
long-slit spectra of NGC4319, we do not have knowledge about the inclination angle
of the galaxy, which can significantly change the velocity dispersion within the beam.
By assuming the velocity dispersion is 100 km/s, we get the 3σ upper limit is about
9.72 × 107 M⊙ .
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4.4

Discussion

A panchromatic study of NGC4319, a spiral galaxy appearing to be in the process
of transforming into an S0 galaxy, is carried out using UV spectra of background QSO
Mrk205 observed with STIS/HST and FUSE, H I 21 cm map obtained with VLA,
12

CO emission detection using FCRAO 14 m telescope, and infrared maps provided by

Spitzer. Detailed analysis of these observations indicates the physical characteristics
of the galaxy appears to well match many of the predictions of Quilis et al. for a
spiral undergoing a transformation into an S0 due to ram-pressure stripping, possibly
combined with tidal stripping.
First of all, we clearly detect Lyα absorption line in the FUSE spectrum, but the
derived upper limit on the H I column density is surprisingly low due to the weak
damping wings of the profile. This indicates that NGC4319 has lost vast majority
of its diffuse interstellar H I. Moreover, the VLA 21cm emission map shows that
there is a little H I remaining in the galaxy, but is clearly offset from the optical
center of the spiral, and has a cometary (head-tail) morphology, which is typically a
signature of interactions and usually seen in some ram-pressure driven transforming
galaxies in Virgo and Coma (White et al., 1991; Veilleux et al., 1999; Vollmer et
al., 2001; Chung et al., 2007). Secondly, different from the H I, molecular hydrogen
remains in the disk of the galaxy, since it is less severely depleted by ram-pressure
stripping due to its higher mass density. We detect 17 H2 absorption lines out of
the J=0, 1, 2, and 3 rotational levels at the redshift of NGC4319. The H2 column
density is low, but the molecular gas fraction is remarkably high. NGC4319 shows
an extraordinary relationship between H2 fraction vs. total hydrogen content (shown
in Fig.4.9) compared with the MW, LMC, SMC, and such relationship clearly can
not be reproduced in theoretical modelling of H2 clouds without taking into account
interaction of galaxy with its environment. In addition, CO emission is also clearly
detected from NGC4319, but only from the barred central region. Finally, images
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provided by Spitzer show very little evidence of recent star formation. Only the
bar and galaxy center shows indications of significant on-going star formation; the
spiral arms show little or no emission at 8 or 24 microns. This galaxy appears to be
expending the last of its gas reservoir and is “shutting down“.
The effect of ram pressure on a galaxy is considerably affected by the properties
of its gaseous environment. NGC4319 is a member of loose spiral-rich galaxy group
NGC4589, and extended and diffuse X-ray emission indicative of an hot intragroup
medium has been detected in the vicinity of NGC4291 near the group center. However, such environment is not typical for ram pressure to be effective, i.e., it is not
in a rich galaxy cluster with a relatively dense intracluster medium. Based on the
formula derived by (Gunn & Gott 1972), ram-pressure stripping is effective to remove
all of the gas beyond radius R of a galaxy when

2
2
Σgas υrot
R−1 < ρIGM υgal
,

(4.3)

where Σgas and υrot are the gas surface density and rotation velocity at radius R of
the galaxy, respectively; ρIGM is the density of the intergroup medium, and υgal is the
velocity with which the galaxy is moving through the intragroup gas. Approximating
NGC4319 as a Milky Way-like galaxy, we assume its cold gas disk has the following
surface density profile (Mastropietro et al. 2005),

Σgas (R) =

Md
R
exp(− )
2
2πRd
Rd

(4.4)

with Md and Rd being the gaseous disk mass and radial scalelength. We choose
the same values for Md and Rd as quoted by Mastropietro et al.(2005) for the MW,
Rd = 3.53 kpc and Md = 0.46×1010 M⊙ . Since the highly ionized O VI is not detected
in the ISM of NGC4319, we expect that the contribution of the warm-hot component
to the gas surface density is negligible. Therefore, at R=4 kpc, the projected distance
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between our sight line and the nucleus of NGC4319, Σgas ∼ 0.004 g cm−2 . For υrot ,
Sulentic & Arp (1987) suggests that the gas in the inner disk (< 3.2 kpc) of NGC4319
is rotating between 100 and 200 km/s. We adopt υrot = 200 km/s at R=4 kpc here.
For the intragroup density, direct measures has been achieved for a handful of loose
groups from the UV absorption line studies (e.g. Pisano et al. 2004), which imply
a diffuse gas with a volume density > 10−5.2 cm−3 . Freeland et al.(2008) pursued
a new technique using bent-double radio sources to investigate the the density of
intragroup. Their derived values of ρigm vary between 9 × 10−4 and 4 × 10−3 cm−3 .
Within these intragroup density range, Equation (3) implies that NGC4319 would
need a substantial velocity (several 103 km/s) to have its ISM completely stripped
away beyond R=4 kpc. We see that in order for the ram-pressure stripping to act alone
on the removal of gas from NGC4319, the galaxy must move through the intragroup
medium with a velocity at least 10 times larger than the velocity dispersion of the
group. Such unusual velocity makes us suspect that there are other mechanisms
working together with ram-pressure stripping. Actually, the low relative velocities
in the NGC4291 group make the time-scale of galaxy interaction long enough to
allow tidal stripping act efficiently. We note that NGC4319 has a distended spiral
arm shown in its optical image, which is usually regarded as a signature of tidal
interaction. Hence it is very likely that the combined effects of ram pressure and
tidal stripping are responsible for transforming the galaxy.
On one hand, the interactions between NGC4319 and the intragroup medium as
well as its group companies strip material from the disk of the galaxy. On the other
hand, such interaction could drive inflows of gas into the center of galaxy, as often
predicted in models of interacting galaxies (Mayer et al. 2001). We note that the
optical image of NGC4319 clearly shows a barred structure at the nucleus center of
the galaxy. Part of the gas that could be funneled to the center because of the bar,
generating one final strong burst of star formation before the galaxy completely stops
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forming any stars. Our observations of CO molecule and dust, both being important
indicators of star formation, are consistent with the scenario. The CO emission and
dust emission is only detected in the bar and galaxy center. The 8 or 24 µm images
indicate that significant on-going star formation is only happening in the bar of the
galaxy.
NGC4319 is probably a galaxy in a rarely observed brief evolutionary phase and
has likely been ”caught in the act“ of converting from a spiral into a S0 galaxy. Our
panchromatic study not only sheds light on the origin of large population of lenticular
(S0) galaxies, but also provides valuable information about the physical properties of
ISM in transforming galaxies. We detect multiple metal lines in the ISM of NGC4319.
As shown in Fig.4.5, both of the low and high ions show similar two-component
velocity structure in their Na (υ) profiles, but with slightly different velocity centroids
and line widths, indicative the multiple-phase nature of the ISM. The high ions could
originate from the gas at the outskirt of the clumps of neutral and molecular gas.
Photoionization due to the background UV radiation could be the main mechanism
responsible for producing both the low ions and high ions. The same UV radiation
field may pump some H2 molecules up to higher electronic states (J=2, 3), or be
responsible for the destruction of molecular hydrogen through photodissociation. A
third velocity component centered around 32 km s−1 , which only appears in the
highly-ionized C IV doublet, indicates that there may exist warm gas component.
It is well known that some heavy elements, such as iron and aluminum, have high
degrees of incorporation into dust grains. The weak Al II absorption and absence of
Fe II in the UV spectra is a strong evidence of the existence of dust in the inner disk
region of NGC4319, which is consistent with the results from Spitzer observations.
We also detect molecular hydrogen, the raw fuel for star formation, in the ISM of
NGC4319. It is seen in 17 absorption lines for the lowest rotational states (J=0-3).
Their presence show that a lot of dust grains exist in NGC4319, since the efficient
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formation of H2 requires dust grains as catalysts. This conclusion is in agreement
with the above analysis of some of the atomic metal lines. According to the formula
Tij =

Ej −Ei
g N

kln[ gJN i ]
i

(Spitzer et al. 1974), where E, N and g are the energy, column density,

J

and statistical weight for a specific rotation level, respectively, and k is Boltzmann
constant, we calculate the excitation temperature Tij in order to describes the relative
populations on level i and j. Here T01 ∼ 178 K, and T23 ∼ 300 K. If collisions is
the main mechanism for the level population, then T01 can closely trace the kinetic
temperature of the molecular gas. However, the total H2 column density detected in
NGC4319 is obviously too low for collisions to act efficiently in order to establish the
observed ratio. We find that T01 for NGC4319 is about twice of that in the Galactic
disk (∼ 80 K, Spitzer and Cochran 1973; Savage et al. 1977) and much higher than
these in the SMC and LMC. It is more likely that the H2 molecules do not reach to
the thermal equilibrium in the galaxy. In the nonthermal case, the populations on
the higher excited rotational states can be explained in terms of other nonthermal
excitation processes, for example, UV pumping, formation pumping and shocks. We
have argued that NGC4319 is moving with large velocity in the hot intragroup medium
in order for the ram-pressure stripping to play important role in removing its gas
component as strongly indicated by our multiwavelength observations. Such fast
movement would result in the emergence of shocks, which can excite the H2 to the
higher levels. The further theoretical testing of this hypothesis will be very interesting
and helpful.
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CHAPTER 5
ASSOCIATION OF O VI/H I ABSORBERS WITH
GALAXIES AND 2MASS GALAXY GROUPS AT LOW
REDSHIFT

5.1

Introduction

Under the framework of cold dark matter cosmology, hydrodynamical simulations
successfully predict the formation of the “cosmic web”, a complex sheet- and filamentdominated web-like structure resulting from the density perturbations in the initially
smooth distribution of matter in the Universe. As lower density matter streams into
the deeper potential wells at the intersections of the sheets and filaments, high galaxy
density regions form, such as groups and clusters. This filamentary distribution of
galaxies in the nearby universe has been clearly revealed in recent large galaxy surveys,
such as the Two-degree Field Galaxy Redshift Survey (2dFGRS, Erdoǧdu et al. 2004),
the Sloan Digital Sky Survey (SDSS, Doroshkevich et al. 2004), and the 2 µm All Sky
Survey (2MASS, Maller et al. 2003). In addition to dark matter and galaxies, these
simulations indicate that the large-scale filaments are also composed of a great deal
of intergalactic matter, the diffuse gas that has not been incorporated into galaxies.
Theoretical studies indicate that the intergalactic medium (IGM) is the main
reservoir of baryons in the universe (Cen & Ostriker 1999, 2006; Davé et al. 1999,
2001). The models predict that at high redshifts the IGM predominantly consists
of cool, photoionized gas, which is consistent with high-z Lyα observations (Rauch
et al. 1997; Weinberg et al. 1997), while at low redshifts it becomes a mixture of
shock-heated gas, photoionized gas, and condensed objects (stars). In hydrodynamic
simulations, when gas falls into deeper potential wells of galaxies and groups/clusters,
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some of it cools and forms stars, but a substantial fraction of the gas is heated up
to T∼ 105 − 107 K due to gravity. The shocked material is often located in the
circumstances of galaxies. Although it is hotter than the typical photoionized gas,
it is cooler and more diffuse than the X-ray-emitting hot gas seen in galaxy clusters,
hence it has been termed the ”warm-hot intergalactic medium” (WHIM). The WHIM
is expected to occupy roughly 30%-50% of the total baryonic matter at the current
era (Cen & Fang 2006). However, the WHIM is difficult to detect directly due to
its low density (nH ∼ 10−6 − 10−4 cm−3 ) and high temperature, which may be the
reason for the existence of the long-standing ”missing baryons” problem, the fact
that the total baryonic matter observed at low redshifts falls far short of the quantity
expected based on big bang nucleosynthesis and deuterium measurements and cosmic
microwave background observations (Persic & Salucci 1992; Fukugita et al. 1998;
O’Meara et al. 2006; Spergel et al. 2006).
Absorption lines in the spectra of background Quasi-stellar objects (QSOs) have
been widely used for decades in the study of IGM at both high and low redshifts.
Absorption lines in the ultraviolet (UV) band enables us to study the cold gas component of the IGM in the local universe through a number of lowly ionized species,
such as H I, C II, O I, N I, Fe II, and Si II, etc.. In collisionally ionized gas at the
typical temperature of WHIM, the most abundant metals are highly ionized and imprint corresponding absorption lines in the X-ray and far-UV spectra of background
sources, such as C VI, O VII, O VIII, N VII, and Ne IX lines in X-ray band and O VI
and Ne VIII lines in UV band. Unfortunately, X-ray studies are extremely limited by
the small number of sufficient background sources and the poor spectral resolution of
X-ray spectrometers (FWHM ∼ 500-1000 km s−1 ). It turns out that the best way of
finding the WHIM is to study the absorption lines in the UV band. Observations with
the Space Telescope Imaging Spectrograph (STIS) on board the Hubble Space Telescope(HST ) and Far Ultraviolet Spectroscopic Explorer (FUSE ) have demonstrated
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the promise of using UV diagnostics to study the diffuse warm-hot component of the
IGM at low redshifts. The O VI λλ 1031.926, 1037.617 doublet lines are optimal
for this purpose, because O VI has a higher ionization potential than other species
observable by STIS and FUSE, and oxygen has the highest cosmic abundance of all elements other than hydrogen and helium. In addition, the Ne VIII λλ 770.409, 780.324
doublet has also been detected in two sight lines (Savage et al. 2005; Narayanan et
al. 2009), but it is weaker and much less common than O VI. Moreover, in order to
detect Ne VIII in the bandpass covered by existing UV spectrographs (either FUSE
or the Cosmic Origin Spectrograph (COS)), a Ne VIII absorber must have a sufficient redshift so the Ne VIII doublet can be shifted into the observable bandpass (i.e,
> 912Å).
UV spectroscopy is not only a promising approach to study the baryon budget of
nearby universe, but also a powerful tool to provide observational constraints on the
interaction processes between the IGM and galaxies. One of the key questions in the
study of galaxy evolution is how galaxies acquire their gas and how they return it
to the IGM, or more generally, how galaxies interact with their environment. Some
processes, such as accretion and galaxy mergers, can add gas to galaxies, while other
processes, such as supernova-driven outflows, tidal stripping, and ram-pressure stripping, can remove gas from galaxies. Analytic modelling and numerical simulations
have made great strides in the inflow/outflow physics. However, observational constraints are still relatively limited, e.g. the IGM metallicity is currently based on very
small samples, and most observational constraints on processes such as gas accretion
and feedback via galactic winds are limited to regions relatively close to galaxies.
X-ray observations have shown evidence that superwinds driven by supernova explosions in starbursting dwarf galaxies is highly metal-enriched (Martin, Kobulnicky, &
Heckman 2002), but so far we have little knowledge about how far the metals can be
carried out from galaxies into intergalactic space by the outflows and how well they
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are mixed with the IGM. Moreover, it has been puzzling that elliptical-rich groups reveal the presence of diffuse, extended, hot gas in X-rays, while the groups dominated
by spiral galaxies do not (Pildis et al. 1995; Mulchaey et al. 1996). Possibly the gas
in the spiral-rich groups has a lower density or cooler temperature, but in either case
it can be detected through quasar absorption lines. The tremendous sensitivity of
absorption line technique also enables us to probe the low-density gas farther away
from galaxies that is orders of magnitude below the detection threshold of most other
available techniques (e.g. radio, optical, and X-ray emission observations). In particular, combined with galaxy redshift survey data, the low-redshift absorption systems
in the spectra of quasars can provide a more complete view of how matter and energy
are exchanged between galaxies and the IGM and how such interactions affect the
properties of galaxy groups/clusters.
In the last several years, complete ultraviolet surveys of O VI absorption in and
near the Milky Way (Savage et al. 2000; Wakker et al. 2003; Bowen et al. 2008) and
in the low-z universe (Danforth & Shull 2005,2008; Danforth et al. 2006; Tripp et al.
2008; Thom & Chen 2008a, b) have significantly enhanced our understanding of the
nature of the WHIM . Detailed studies on the physical properties, metal enrichment,
and galaxy-absorber connections of individual extragalactic O VI absorption systems
of interest have also been accomplished with high resolution ultraviolet spectra and
a variety of galaxy redshift surveys (Tripp et al. 2000,2001,2005,2006; Tumlinson et
al. 2005; Jenkins et al. 2005; Savage et al. 2005; Prochaska et al. 2006; Aracil et
al. 2006; Lehner et al. 2009). These studies provide crucial observational insights
and constrains on the properties of the pervasive IGM, particularly the origin of the
WHIM, as well as the IGM-galaxy connections. However, it should be acknowledged
that all of the previous studies were biased on systems that were selected initially because of the presence of strong metal or Lyα absorption lines. The samples are likely
to favor the selection of high-metallicity systems since absorption lines of O VI (and
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other metals) are easier to detect in higher-metallicity clouds. Also, these studies
ignore galactic environments where absorption systems are not found. Are the OVI
lines present but significantly weaker so that they cannot be detected in individual
FUSE/STIS spectra, or are those galaxies entirely devoid of such circumgalactic gas?
It is not clear if there is any correlation of the O VI-bearing gas with its environment
on different scales, such as with galaxies, galaxy groups/clusters, and large-scale filaments. In addition, although cosmological simulations indicate that most WHIM gas
is located in the cosmic web at z ∼ 0, observational constrains on the gas distribution are currently very limited. Therefore, it is necessary and important to select an
unbiased sample and pursue observational tests of the validity of the prediction.
Here we conduct a statistical study of the large-scale distribution and physical
conditions of gas in the cosmic web at low redshift using an unbiased sample. Our
main focus is on the correlation between the O VI/H I absorbers and the 2MASS
galaxy groups. Groups may be repositories for a substantial fraction of all baryons and
metals at low redshift. In terms of numbers, galaxy groups are much more numerous
than more massive clusters. They play a structural role that connects the “field”isolated galaxies and the IGM. A lot of interesting astrophysical phenomena can be
found in group environment such as cooling, galactic winds driven by supernovae, and
AGN feedback. Therefore, they represent ideal laboratories for the study of galactic
feedback and chemical enrichment of the IGM and the impact of the surroundings on
the properties of the IGM, within which the groups form and evolve. Using the same
data set, we also investigate the relationship between the O VI/H I absorption systems
and individual galaxies and the detectability of O VI absorption feature associated
with nearby galaxies using stacking and Pixel Optical Depth (POD) techniques. The
low-z IGM has a great advantage: we can obtain a wealth of detailed information
about the environment of the absorbers from existing redshift surveys, including the
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locations of nearby galaxies and groups, the redshifts and deep images of the field
galaxies and group members, and the surrounding larger scale structures.

5.2
5.2.1

Data Preparation
Target Selection

In order to overcome potential biases in previous studies of low-z QSO absorbers,
and to investigate the dependence of the properties of gas in the cosmic web on
environmental factors, our study uses archival FUSE spectroscopy to investigate regions selected based on the environment indicated by the 2MASS survey (Maller et
al. 2003). The 2MASS galaxy survey is useful for two reasons. First, the survey has
excellent completeness. It has uniformly scanned 99.998% of the entire sky with excellent photometric uniformity (Skrutskie et al. 2006) in the near-infrared J (1.25 µm),
H (1.65 µm), and Ks (2.16 µm) bandpasses. Its huge catalog of > 1, 000, 000 galaxies provides an exquisite map of the large-scale cosmic web structures in the nearby
universe. Secondly, most galaxies observed by 2MASS are bright and at rather low
redshifts (z < 0.1, Jarrett et al.2000). It is really advantageous for coupling with a
FUSE study because the majority of the QSOs that are bright enough to be observed
by FUSE with high signal-to-noise ratio are at low redshifts too (Wakker et al.2003).
Consequently, 2MASS survey minimizes the confusion due to distant galaxies beyond
the FUSE AGN.
To select FUSE sight lines, we used the following criteria. We began with QSOs
and AGNs from Wakker et al. (2003) and Penton (http//origins.colorado.edu/iueagn),
all of which are bright enough for FUSE observations. Since the median galaxy redshift in the 2MASS catalog is zm ∼ 0.074, we next required zAGN > 0.11 to ensure
that the QSO/AGN redshifts are >10000 km s−1 beyond the 2MASS filaments; this
prevents confusion from intrinsic systems intimately related to the AGNs (Misawa et
al. 2007). This produced a list of 31 suitable FUSE targets. Fig.5.1 shows the posi-
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Figure 5.1 Galaxy density map on the whole sky in Aitoff projection from the 2MASS
catalogue. The markers indicate the positions of the AGNs selected to probe the
cosmic web in our study.

tions of the selected AGNs plotted on the 2MASS galaxy density map. We measured
the density of galaxies in a 20 Mpc×20 Mpc projected area centered on each target
and find that these 31 lines of sight span a large range of galaxy density including
high, moderate, and low density regions. Note the 2MASS survey is a photometric
survey and does not provide spectroscopic redshifts for the observed galaxies. Hence,
the galaxy densities estimated here are only projected densities on the sky.
In Table 5.1, we summarize some basic properties of the 31 sight lines, including
types and redshifts of the background sources, Equatorial coordinates, galaxy densities in a 20 Mpc×20 Mpc projected area, column densities of Galactic H I and H2 as
well as foreground Galactic extinction in each direction.
5.2.2

UV Spectroscopy

Our study is primarily based on the high-resolution spectroscopy of 31 low-z QSOs
observed by FUSE. The FUSE spectra recorded in its two LiF channels cover the
wavelength range 980-1187 Å with FWHM 20 ∼ 25 km s−1 and therefore can be used
to identify all of the possible O VI or Lyβ absorbers near the redshifts of 2MASS
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Table 5.1. Selected Lines of Sight
Name
PHL1811
PG1307+085
PG1402+261
PKS0558-504
3C273.0
PG1116+215
PG0052+251
PG1004+130
Mrk106
PKS2155-304
PG1216+069
PG1259+593
HS0624+6907
HE0450-2958
HE1228+0131
PG0832+251
MS0700.7+6338
3C249.1
PG1626+554
PG1302-102
HS1102+3441
T ONS 210
PG1415+451
HE1115-1735
Mrk876
PG0947+396
H1821+643
PG1001+291
HE0226-4110
PG0953+414
PG1444+407
a galaxy

Type

zQSO

RA
(hh:mm:ss)

DEC
(dd:mm:ss)

ρG a

logN(HI)b
(cm−2 )

log N (H2 )c
(cm−2 )

E(B-V)d
mag

QSO
QSO
Sey1
QSO
QSO
QSO
QSO
BAL
Sey1.0
BLLac
QSO
QSO
QSO
QSO
QSO
QSO
Sey1
QSO
Sey1
QSO
QSO
QSO
QSO
QSO
QSO
QSO
QSO
QSO
QSO
QSO
QSO

0.1900
0.1550
0.1640
0.1372
0.1583
0.1765
0.1550
0.2408
0.1230
0.1160
0.3313
0.4778
0.3700
0.2567
0.1170
0.3298
0.1530
0.3115
0.1330
0.2784
0.5088
0.1160
0.1136
0.2170
0.1290
0.2056
0.2970
0.3297
0.4950
0.2341
0.2673

+21:55:01.48
+13:09:47.00
+14:05:16.20
+05:59:47.37
+12:29:06.70
+11:19:08.60
+00:54:52.10
+10:07:26.11
+09:19:55.37
+21:58:52.06
+12:19:20.88
+13:01:12.90
+06:30:02.50
+04:52:30.00
+12:30:50.02
+08:35:35.82
+07:05:29.44
+11:04:13.69
+16:27:56.00
+13:05:33.01
+11:05:39.80
+01:21:51.50
+14:17:00.80
+11:18:10.60
+16:13:57.18
+09:50:48.39
+18:21:57.32
+10:04:02.50
+02:28:15.20
+09:56:52.40
+14:46:45.90

-09:22:24.70
+08:19:48.90
+25:55:34.93
-50:26:51.81
+02:03:08.60
+21:19:18.00
+25:25:38.00
+12:48:56.19
+55:21:37.43
-30:13:32.12
+06:38:38.40
+59:02:06.41
+69:05:04.00
-29:53:35.00
+01:15:22.60
+24:59:40.65
+63:33:33.41
+76:58:58.03
+55:22:31.00
-10:33:19.43
+34:25:34.41
-28:20:57.00
+44:56:06.00
-17:51:59.00
+65:43:09.57
+39:26:50.50
+64:20:36.37
+28:55:35.00
-40:57:15.98
+41:15:22.00
+40:35:05.00

33.9
29.0
27.3
26.6
25.5
24.3
23.9
23.0
22.6
22.0
21.0
20.1
19.7
19.5
19.5
19.3
19.2
18.9
18.7
18.3
18.1
17.3
17.2
17.0
16.7
15.5
15.3
14.9
12.9
11.5
10.8

20.59
20.34
20.16
20.67
20.22
20.07
20.61
20.57
20.45
20.12
20.21
20.22
20.90
20.07
20.23
20.60
20.61
20.45
20.05
20.50
20.19
20.20
19.82
20.57
20.42
20.22
20.58
20.25
20.27
20.09
20.03

19.36
...
...
15.60
15.92
15.30
...
...
18.54
14.42
...
14.92
19.73
...
...
...
19.09
19.09
15.14
16.30
...
15.61
...
...
18.07
...
15.99
...
14.56
15.25
...

0.046
0.034
0.016
0.044
0.021
0.023
0.047
0.038
0.028
0.022
0.022
0.008
0.098
0.015
0.019
0.031
0.051
0.034
0.006
0.043
0.024
0.017
0.009
0.037
0.027
0.019
0.043
0.022
0.016
0.013
0.014

density in a 20×20 Mpc2 projected area on the 2MASS galaxy density map,

b total

Galactic H I column density calculated from 21 cm emission from Wakker et al. (2003),

c total

Galactic H2 column density from Wakker et al. (2006),

d foreground

Galactic extinction from NED.
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galaxies. The FUSE data are reduced using CALFUSE 3.0 (Dixon et al. 2007) and
the spectra obtained from different visits for the same target have been combined
to obtain a final spectrum with better S/N. The FUSE data reduction of the 31
sight lines is similar to the process for QSO spectra of H1821+643, HS0624+6907
and Mrk205 described in previous chapters and we won’t repeat the details here.
Among these 31 lines of sight, 18 of them have also been observed with STIS. The
STIS data typically cover the wavelength range 1150-1730 Å with FWHM 7 km s−1
and are crucial for identifying low-redshift extragalactic Lyα lines. They are reduced
as described in Tripp et al. (2001, 2005). Many sight lines in our sample have
been studied by different authors for various purposes (see Appendix A) and their
identifications and measurements will be used in our work if needed.
5.2.3

2MASS Galaxy Group Catalogs

The 31 sightlines in our sample are selected mainly based on the environment
indicated by the 2MASS survey. However, 2MASS is only a photometric survey and
does not provide information about the redshifts of identified galaxies. Therefore, the
true galaxy densities around our lines of sight could be contaminated by projection
effect. For our study of the relationship between O VI/H I absorbers and their
environment indicated by galaxy density, a uniform all-sky redshift catalog of nearby
galaxies are needed. The 2MASS Redshift Survey (2MRS; Huchra et al. 2005a, 2005b)
provides us an ideal database. The 2MRS aims to produce an all-sky, (extinctioncorrected) flux-limited redshift catalog that will eventually be complete to K = 13.0
mag above |b| = 5o . Currently, it is 99.9% complete to K = 11.25 mag with |b| > 5o
(Huchra et al. 2005a, 2005b).
Based on the most updated 2MRS data, Crook et al. (2007) created two galaxy
group catalogs using friends-of-friends group-finding algorithm. In the group-identification
procedure, each galaxy in the catalog is first compared with its neighboring galaxies;
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for each pair of galaxies a linking length DL is computed that is a function of the
average redshift of the pair. If their projected separation is less than DL , and the
difference in their redshifts in term of velocity is less than some linking velocity VL ,
then both galaxies are signed into the same group. To identify groups, Crook et al.
adopted two values for the density contrast (δρ/ρ), which presents a number density
enhancement relative to the mean number density of all groups. Consequently, two
galaxy catalogs created. One is the low-density-contrast (LDC) catalog, corresponding to δρ/ρ = 12, and another one has δρ/ρ = 80 referred as the high-density-contrast
(HDC) catalog. Due to the nature of the group-finding algorithm, compared to the
HDC catalog, the LDC catalog can identify the larger structures in the local universe,
e.g., the HDC catalog resolves the largest nearby clusters individually, while many
of these groups are merged in the LDC catalog. In order to maximize the available
information, we utilize both LDC and HDC catalog to establish our galaxy group
database. There are 1538 and 1258 galaxy groups in the LDC and HDC catalog,
respectively. In their Table 5 and 6, Crook et al. present the properties of the groups,
including the position of the group center, number of group members, mean group
distance, mean heliocentric group velocity, radial velocity dispersion, projected virial
radius, virial mass, projected mass, group orientation, and ellipticity. The authors
compare the properties of their groups with the UZC-SSRS2 group catalog (Ramella
et al. 2002) and the CfAN group catalog (Ramella et al. 1997) and claim a consistency between them. The 2MASS catalogs provide detailed information about the
environment of our pencil-beam QSO sight lines and enable us to learn about how
the properties of the O VI absorbers depend on environmental factors. For example,
is the gas associated with galaxy groups neutral, highly ionized or multiphase? How
much WHIM gas is present in galaxy groups? What kind of galaxy groups contain
substantial amounts of intragroup gas hidden in the WHIM phase? Do the absorption
systems mainly arise in massive and luminous groups?
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5.2.4

Galaxy Data Origin

The 2MRS provides spectroscopy redshifts for more than 20000 galaxies. However, the 2MRS is not a deep survey, and it only shows the distribution of galaxies
in the very nearby universe. In its current data release the most distant galaxy
observed is at redshift < 0.04. For the second goal of our study, that is to investigate the galactic environment of O VI/H I absorbers, we need deeper redshift survey
data to improve the statistics. The NASA/IPAC Extragalactic Database (NED)
(http://nedwww.caltech.ipac.edu) has been widely used in astronomy research and is
an excellent resource for this purpose. Presently, it has collected redshift information
from various redshift surveys and other catalogs, papers, and lists. Therefore, we use
NED to search for nearby galaxies with impact papameter less than 500 kpc along
each sight line as described in the following. First, we search for all galaxies with
300 < υ < 30000 km s−1 lying within 5 degrees (the maximum distance allowed by
NED). Many of the targets in our sample pass through the high (and/or intermediate) velocity clouds (HVCs) of the Milky Way with radial velocity varying roughly
from -350 km s−1 to 350 km s−1 . To avoid potential confusion of the HVC features
at positive velocities with intervening intergalactic absorption lines at z∼0, we start
our search of galaxies with v > 300 km s−1 . In addition, we notice that the nearest
QSO in our sample has a redshift around 0.114 (PG1415+451) and there are another
7 background targets with redshifts less than 0.15. Tripp et al. (2008) concluded
that all absorbers with velocity differing by more than 2500 km s−1 (corresponding
to ∆z ∼ 0.008) from the redshift of the AGN are likely to be intergalactic. Therefore
we set the maximum redshift of our galaxy search to be z∼0.1. There is another
reason to limit our galaxy sample to this range: the redshifts of nearby galaxies are
much easier to obtain and more accurate than those of high redshift galaxies simply
because of their proximity to us. In addition, the Sloan Digital Sky Survey (SDSS),
which covers the sky areas centered on 16 sight lines in our sample, has good com-
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pleteness to this redshift limit. Next, we calculate the distance of the galaxies. For
each individual galaxy found from above step, in most cases NED gives its heliocentric
velocity, redshift, as well as the angular separation between the galaxy and the line of
sight. Locally, the redshift is not a reliable indicator of distance due to the distortions
of the local velocity field. For these galaxies which are included in the 2MASS group
catalogs, we use the distance estimates provided by the catalogs. For the remainder of
the galaxies, each galaxy’s radial velocity is converted into a distance after applying
the Virgocentric flow correction (Huchra & Geller 1982). Finally, we compute the
impact parameter of each galaxy by multiplying its distance with angular separation
assuming H0 = 73 km s−1 Mpc−1 , Ωλ = 0.73, and Ωm = 0.27. We keep all the galaxies
with impact parameter less than 500 kpc, and refer them as “target galaxies” in the
following. There are many more target galaxies in the three directions to the QSOs
3C273.0, PG1216+069 and He1228+0131 than in other directions, since these three
sight lines pass through the outer periphery of a higher galaxy density region, the
Virgo Cluster.

5.3
5.3.1

Data Analysis
Two-pass Search for O VI/H I Absorbers Associated with 2MASS
Groups

The maximum redshift of the 2MASS groups in both LDC and HDC catalog is
about 0.034. Considering the redshift deviation due to the velocity dispersion of the
groups, the maximum value of which is 1028 km s−1 , we choose a conservative redshift
cut-off value for our search for O VI absorption systems potentially associated with
2MASS groups to be 0.038 (zcutof f ). Therefore, we only search for the stronger O VI
1032 Å line in the wavelength range 1032-1071 Å and the weaker O VI 1038 Å in
1038-1077 Å. We also search for Lyman series lines in the STIS and FUSE spectra
at proper wavelengths corresponding the narrow “redshift window”. Then, the next
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important question is how we define the “association” of an absorber with a galaxy
group. We decide that if the an absorber is within the projected virial radius of a
group and the radial velocity difference between the absorber and the group is within
1 σ of the velocity dispersion of the group, then the absorber and the group are
considered to be associated and are assigned as a group-absorber pair.
To be compatible with the maximum projected virial radius of the groups in LDC
catalog (8.56 Mpc), we search for groups with projected distance to each line of sight
less than 10 Mpc. In another words, for each sight line we find all the galaxy groups
that lie within 10 Mpc radius cylindrical volume. We refer to these groups as “target
groups”. The projected distance is calculated using the corrected mean group distance
given by Crook et al. (2007). Their distance estimation has taken into account the
local velocity distortions due to infall onto concentrations of mass by applying a basic
flow-field model (see section 3.1 in their paper for details). Then we search for the O
VI doublet and Lyman series lines near the redshifts of the target groups in the FUSE
or FUSE +STIS spectra. The same routine is applied to the groups in HDC catalog,
but the impact parameter is set to be 5 Mpc based on the fact that the maximum
virial radius of HDC groups is only about 3.4 Mpc. 90% and 95% of the groups in
LDC and HDC catalog have velocity dispersions less than 300 km s−1 .
Since the 2MASS galaxy groups are at very low redshifts( zg ≤ 0.034), the O VI
doublet potentially associated with the target groups will be located in a wavelength
range that has a great number of molecular hydrogen and metal lines from the ISM of
the Milky Way as well as unrelated absorption lines from other redshifts. The metal
lines from the ISM of the MW are usually strong and relatively easy to identify at
z=0. We use the molecular hydrogen optical depth templates particularly made for
FUSE data (McCandliss 2003) to identify the Galactic molecular hydrogen features.
Individual templates are calculated containing all the Lyman and Werner transitions
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originating from a single rotational state (J ′′ ) of the zeroth vibrational level (v ′′ ) of
the ground electronic state.
There are several issues that affect the identification of extragalactic O VI lines
in FUSE spectrum as pointed out by Tripp et al. (2008). Here we employ the same
“two-pass” search procedure used by Tripp et al. (see section 2.2 in their paper
for details) to find the extragalactic O VI absorbers with zabs < zcutof f . Since the
marginal detections and nondetections are also meaningful in our study, we calculate
3σ upper limits on O VI column densities as well. We use one of the two O VI lines
which is free of contamination from other intervening lines to estimate the upper limit
on the O VI column density. If both lines are clean, then the stronger O VI 1031.93
line is used, since it provides a more stringent constraint due to its larger f λ value.
If both O VI lines are blended, we exclude that case from our final analysis.
5.3.2

O VI/H I Absorbers Associated with Individual Galaxies

Many galaxy-absorber connections have been studied in detail using QSO absorption lines (Tripp et al. 2000, 2001, 2005, 2006; Tumlinson et al. 2005; Jenkins et al.
2005; Savage et al. 2005; Prochaska et al. 2006; Aracil et al. 2006; Lehner et al.
2009). Such studies provide valuable insights into the galaxy-IGM interaction processes such as inflows and outflows. However, the cases in which O VI is not detected
in the vicinity of galaxies, have usually been neglected, which may have important
implications for the feedback processes and the chemical enrichment of the IGM. It is
not clear what is the reason for the absence of O VI-bearing gas near these galaxies.
Are the OVI lines present but significantly weaker so that they cannot be detected in
individual FUSE spectra? Or are those galaxies entirely devoid of such circumgalactic
gas?
Following the study of O VI/H I absorber-group association, we carry out an
investigation into the relationship between O VI/H I absorbers and individual galax-
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ies. Our interest here is not specific individual absorber-galaxy pairs, but the overall
detectability of O VI-bearing gas associated with nearby galaxies. Such statistical
property of O VI absorbers can be probed through two techniques: stacking and
pixel optical depth, which are described in detail in the following. If the O VI lines
are too weak to be detected in the individual spectra in the previous work, they could
emerge in our analysis due to the nature of the two techniques in use. Note we search
for O VI and H I absorption features near the redshifts of individual target galaxies.
We do not employ the converse procedure, i.e., first identify absorbers and then search
for nearby galaxies, which will be done in the future.
5.3.2.1

Stacking Technique

Stacking technique is to combine a number of individual spectra in a certain
way in order to produce a composite spectrum with improved signal to noise ratio.
The stacking technique is often used to identify weak absorption features in QSO
spectrum (Norris et al. 1983; Lu et al. 1991; Tytler et al. 1994; Yao et al. 2009). We
construct stacked spectra for Lyβ and O VI (1031.93 Å) absorption lines separately.
For 18 out of 31 QSOs in our sample which have been observed by STIS, we also
establish a composite Lyα spectrum. Our focus is on the stacked Lyβ spectrum for
the following two reasons: first, all of the background sources have been targeted by
FUSE, although with different exposure time and therefore various spectral qualities.
Ideally, we should have much larger number of individual Lyβ spectra available for
stacking than the number of useful Lyα spectra. This will significantly improve our
statistics; Secondly, since FUSE and STIS have different instrumental characteristics,
for example, sensitivity and spectral resolution, we have to take extra care when
comparing the composite spectra of Lyα and O vi . The comparison of stacked Lyβ
and O vi spectra will be much easier and straightforward. In the process of applying
the stacking technique, an individual spectrum is first shifted to the rest frame of
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each target galaxy based on λ0 = λobs /(1 + zgal ). Then we transform the wavelength
grid of each shifted spectrum into velocity grid according to the simple relationship
υ = (λ0 /λLyβ,OV I1032 − 1) × c, where c is the speed of light. In the following, we fit
the continuum around zero velocity using a low order polynomial, and we normalize
the flux to the fitted continuum. Finally, all rest frame spectra are rebinned to the
same pixel size and coadded to to form a composite spectrum with the individual
spectra weighted by their inverse variance. Statistically, the composite spectrum has
much higher S/N ratio than any individual spectrum. Therefore, weak absorption
features which are difficult to identify in individual spectra due to low S/N ratio
may be detectable, in a statistical sense, in the composite spectrum. Even marginal
detection of absorption lines in the composite spectrum can provide insight on the
characteristics of circumgalactic gas.
For 0 < zgal < 0.1, the Lyβ and O VI doublet lines are located in a wavelength
range where many unrelated absorption features are present, including the H2 and
metal lines from the disk and halo gas of the Galaxy and other H I and metal transitions at other redshifts. In order to eliminate the effect of contamination from these
features on the final co-added spectrum, we identify them and then mask them out
in each individual spectrum before coadding the data.
5.3.2.2

Pixel Optical Depth Technique

The method of “pixel optical depth” is to perform pixel by pixel search for O VI
absorption in the QSO spectra. The basic technique was first described by Cowie &
Songaila (1998) and then was used and improved by Ellison et al. (2000), Schaye et al.
(2000) and Aguirre et al. (2001). The method has shown many advantages as pointed
by these authors: it is easy to implement, it appears to be more objective compared
with Voigt profile fitting, it loses little of the spectrum’s information, and it can be
applied to heavily contaminated regions. The typical procedure of the technique is
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to measure and then compare the O VI optical depth with the Lyα optical depth.
However, in our study, within the redshift range we are particularly interested in
(0 < zabs < 0.1), the O VI doublet lies in the FUSE bandpass while the corresponding
Lyα line is covered by STIS. Since the sensitivity and spectral resolution of the two
instruments are quite different, it will definitely introduce extra uncertainties when
making the comparison. Therefore, instead of using the Lyα line, we measure the
optical depth for the Lyβ line. First, the optical depth in each pixel of O VI and Lyβ
absorption lines at the same redshift are measured from the normalized flux based
on τ (λ) = −ln(Fnormal ). In several rare cases where the Lyβ absorption feature is
saturated, which means there is not enough residual flux to be used to accurately
determine its optical depth, higher order Lyman series lines can be used to compute
the Lyβ optical depth using the formula τ (Lyβ) = min(τ (Lyn)fLyβ λLyβ /fLyn λLyn )
derived from the similar formula used by Cowie & Songaila (1998). Here f (Lyn)
is the oscillator strength of the nth order Lyman line (Lyn) and λ(Lyn) is its rest
wavelength. Secondly, the array of pixel pairs is binned by Lyβ optical depth and the
median Lyβ and O VI optical depths are calculated for each bin. Here the median is
optimal to use because it relatively insensitive to noise levels and contamination by
random lines from systems at other redshifts. Finally, a claim of O VI detection can
be drawn if there is a significant correlation between the binned O VI optical depth
and the Lyβ optical depth. A plot of the median O VI optical depth in each bin as a
function of corresponding H I value is generally adopted to identify such relationship
visually.
To minimize the effect of contamination, we carefully mask out all known unrelated
absorption features before calculating τ . We execute our computation within a ±300
km s−1 velocity window centered on the redshifts of the target galaxies corresponding
approximately to the typical velocity dispersion of groups/clusters of galaxies. Only
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these pixels which have not been masked out in both Lyβ and OV I profiles are
included in the final results and τ (Lyβ) < 0 and τ (O vi) < 0 are discarded.

5.4
5.4.1

Results
O VI/H I Absorber-Galaxy Group Association

In accord with the redshift coverage of the 2MASS group catalogs, we limit our
two-pass search for O VI/H I absorbers to zabs < zcutof f ∼ 0.038. For a Lyα absorption
feature with multiple velocity components, if the difference in the velocity centroids
of these components is within ± 300 km s−1 , we count them as one Lyα absorber.
This adjustment takes into account the effects of possible clumpiness and complicated
kinematics of the IGM. We totally identify 52 Lyα absorbers along 17 AGN sight lines
with accessible STIS data and detect O VI absorption in 7 of them (∼ 13%). We
have not found an O VI absorber without some corresponding Lyα absorption. For
the other 14 sight lines without STIS observations, a set of higher level Lyman series
lines (at least two) in their FUSE spectra needs to be identified simultaneously at
the same redshift to claim a positive detection of H I gas. We have not found such
cases in our sample. Fig. 5.2 shows the spectra of the 7 detected O vi absorbers,
including the corresponding Lyα (also Lyβ if available) and O vi absorption lines.
Table 5.2 summaries the measurement of these H I and O vi absorption features from
the Voigt fitting procedure of Fitzpatrick & Spitzer (1997).
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Figure 5.2 Continuum-normalized absorption profiles of detected O VI absorbers at
various redshifts in our 2MASS sample. The names of background QSOs, the redshifts
of the absorbers, and the identifications of resonance transitions are labeled. The
velocity centroids of a single or multiple components in the profiles are indicated
with red tick marks.
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Table 5.2:

Measurement of Intervening O VI and Lyα Ab-

sorbers
Sight Line
3C249.1

3C273.0

120
H1821+643

0.0280

Species
HI
HI
O VI
HI

Fitted
Lines
Lyα
Lyα
1031.93
Lyα, β

vb
(km s−1 )
0± 2
0± 2
12 ± 3
0± 1

bb
(km s−1 )
44 ± 3
47 ± 2
21 ± 1
30 ± 2

log[N]b
(cm−2 )
13.75 ± 0.03
13.92 ± 0.02
13.91 ± 0.06
14.01 ± 0.03

0.0034

HI

Lyα, β

0.0053

O VI
HI

75+66
−35
33 ± 2
51+11
−9
18 ± 2

13.40 ± 0.29
14.22 ± 0.05
13.44 ± 0.07
15.77+0.12
−0.10

0.0076

HI

1031.93
Lyα, β, γ, δ,
ǫ, ε, ζ, η, θ
Lyα

−18 ± 18
0±1
−10 ± 7
0

0.0199
0.0262
0.0295
0.0328

H
H
H
H

Lyα
Lyα
Lyα
Lyα

−121 ± 9
0±7
89 ± 4
0± 5
0± 2
0±1
0± 2

48+15
−11
50+14
−11
11+8
−5
29+8
−6
27+2
−2
36 ± 1
25+3
−3

12.79 ± 0.10
12.88 ± 0.09
12.25 ± 0.16
12.60 ± 0.08
12.95 ± 0.03
13.42 ± 0.01
12.86 ± 0.04

Tripp et al.
Tripp et al.
Tripp et al.
Sembach et
(2001)
this work
this work
this work
this work
this work
this work
this work

HI
O VI
HI

Lyα, Lyβ
1031.93
...

1±1
0±5
...

28 ± 1
21+9
−6
49 ± 6

14.22 ± 0.02
13.44 ± 0.10
13.26+0.07
−0.08

Tripp et al. (2008)
Tripp et al. (2008)
Lehner et al. (2007)

0.0268

HI
O VI
HI

Lyα
1031.93
Lyα, Lyγ

0±2
0±2
0±6

23 ± 3
13 ± 4
42 ± 11

13.32 ± 0.04
13.83 ± 0.05
13.22 ± 0.08

Tripp et al. (2008)
Tripp et al. (2008)
Lehner et al. (2006)

0.0030
0.0057

HI
HI

Lyα
Lyα

0.0077

HI

Lyα

0±4
-209
-30
0
119
0±1

17 ± 5
22 ± 2
23 ± 1
17 ± 1
53 ± 11
33 ± 2

13.10 ± 0.12
13.68 ± 0.04
16.20
16.60
13.47 ± 0.09
14.30 ± 0.06

Rosengerg
Rosengerg
Rosengerg
Rosengerg
Rosengerg
Rosengerg

0.0176
0.0199

HI
HI
O VI

...
...
1031.93,1037.62

...
...
3±8
65 ± 6

29 ± 4
29 ± 4
22 ± 2
12 ± 4

12.96 ± 0.05
13.14 ± 0.06
13.54 ± 0.15
13.48 ± 0.15

Aracil et al. (2006)
Aracil et al. (2006)
this work
this work
Continued on next page

a
zabs
0.0223
0.0261

0.0244
0.0264

HE0226-4110

HE1228+0131

HS0624+6907

0.0175

I
I
I
I

Notes
this work
this work
this work
this work
(2008)
(2008)
(2008)
al.

et
et
et
et
et
et

al.
al.
al.
al.
al.
al.

(2003)
(2003)
(2003)
(2003)
(2003)
(2003)

Table 5.2: (continued)
Sight line

a
zabs
0.0287
0.0307

Species
HI
HI

Fitted
...
...

vb
...
...

bb
14 ± 1
22 ± 2

log[N(cm−2 )]b
13.87 ± 0.06
13.36 ± 0.03

Mrk876

0.0031
0.0115
0.0202

HI
O VI
HI
HI

Lyα, Lyβ
1031.93
Lyα, Lyβ
Lyα

0±1
...
0±1
0±2

39 ± 1
13
31 ± 1
22 ± 1

14.51 ± 0.01
13.37 ± 0.10
14.37 ± 0.02
13.31 ± 0.05

this work
Danforth et al. (2006)
this work
this work

0.0161

HI

...
...

0.0234

HI

...
...

-148
-59
0
148
...

35+10
−8
19+15
−8
32 ± 5
26 ± 3
56+14
−11

13.19 ± 0.08
12.86 ± 0.21
13.54 ± 0.05
13.51 ± 0.04
13.21 ± 0.08

Lehner
Lehner
Lehner
Lehner
Lehner

PG1001+291

0.0153

HI

Lyα

0±2

43 ± 1

13.93 ± 0.03

this work

PG1116+215

0.0049
0.0164
0.0192
0.0283
0.0322

H
H
H
H
H

I
I
I
I
I

...
...
...
...
...

...
...
...
...
...

34 ± 4
49 ± 5
...
31 ± 1
32 ± 3

13.36+0.07
−0.06
13.39 ± 0.06
12.86+0.13
−0.19
13.80 ± 0.02
+0.06
13.33−0.05

Sembach
Sembach
Sembach
Sembach
Sembach

PG1216+069

0.0063
0.0126
0.0239
0.0258
0.0304

H
H
H
H
H

I
I
I
I
I

Lyα
Lyα
Lyα
Lyα
Lyα

...
0± 2
0± 2
0± 1
0± 2

...
40+1
−1
26+1
−1
41+1
−1
25+1
−1

19.32 ± 0.03
14.03 ± 0.03
13.60 ± 0.04
14.46 ± 0.05
13.45 ± 0.05

Tripp et al. (2005)
this work
this work
this work
this work

PG1259+593

0.0021

HI

Lyα

O VI

1031.93,1037.62

0.0076
0.0150
0.0222

HI
HI
HI

...
...
...

−2 ± 24
62 ± 10
0±2
70 ± 4
...
...
...

42+43
−21
33+12
−9
17 ± 4
20+9
−6
35 ± 2
23 ± 4
30 ± 2

13.46 ± 0.34
13.67 ± 0.20
13.35 ± 0.06
13.14 ± 0.10
14.05 ± 0.05
13.21 ± 0.06
13.67 ± 0.04

Tripp et al. (2008)
Tripp et al. (2008)
Tripp et al. (2008)
Tripp et al. (2008)
Lehner et al. (2007)
Lehner et al. (2007)
Lehner et al. (2007)

0.0044
0.0253
0.0328
0.0344

H
H
H
H

Lyα, Lyβ
Lyα
Lyα
Lyα

0±1
0±3
0±4
0±1

22 ± 1
19 ± 1
16 ± 1
11 ± 1

14.66 ± 0.05
13.08 ± 0.08
12.82 ± 0.12
13.16 ± 0.05

this work
this work
this work
this work
Continued on next page

PG0953+414
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PG1302-102

I
I
I
I

Notes
Aracil et al. (2006)
Aracil et al. (2006)

et
et
et
et
et

al.
al.
al.
al.
al.

et
et
et
et
et

(2007)
(2007)
(2007)
(2007)
(2007)

al.
al.
al.
al.
al.

(2004)
(2004)
(2004)
(2004)
(2004)

Table 5.2: (continued)
a
zabs

Species

Fitted

vb

bb

log[N(cm−2 )]b

PG1444+407

0.0188

HI

Lyα

0± 3

36+5
−4

13.40 ± 0.05

this work

PHL1811

0.0118

HI

Lyα

0.0173

HI

Lyα

0.0337

HI

Lyα

−87± 8
−36± 1
0± 2
48± 3
−78± 3
0± 1
33± 1
79± 5
0± 4

47+14
−11
9+2
−2
20+3
−2
17+4
−4
+5
12−3
10+1
−1
11+1
−1
29+9
−7
31+6
−5

13.27 ± 0.09
13.67 ± 0.10
13.88 ± 0.04
13.11 ± 0.09
12.61 ± 0.11
13.66 ± 0.05
13.59 ± 0.04
13.03 ± 0.09
13.02 ± 0.06

this
this
this
this
this
this
this
this
this

work
work
work
work
work
work
work
work
work

0.0088
0.0170

HI
HI

Lyα
Lyα, Lyβ

0.0258

HI

Lyα

0± 5
−105± 1
0± 1
68± 2
0± 3

35+1
−1
27+1
−1
26+1
−1
30+1
−1
18+1
−1

12.82 ± 0.08
13.49 ± 0.02
13.60 ± 0.02
13.26 ± 0.04
12.63 ± 0.07

this
this
this
this
this

work
work
work
work
work

Sight line

PKS2155-304

Notes
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Figure 5.3(a) Redshift distribution of target groups in LDC (blue stars) and HDC
(red stars) catalog along each sight line. The total number of target groups in the
two catalogs are shown next to the name of each QSO. The height of the rectangles
centered at the target groups indicates twice the projected virial radii of the groups
and the width represents twice the velocity dispersions of the groups converted into
redshifts. The tick marks on the x-axis show the redshifts of detected absorbers,
for which either only H I is detected (magenta) or both H I and O VI are detected
(green).

Fig.5.3(a)-(d) presents the detailed redshift distribution of target groups in LDC
(blue stars) and HDC (red stars) catalog along each sight line. The total number of
target groups along each direction in the two catalogs are shown next to the name
of the QSO. The height of the rectangle centered at the target group indicates twice
the projected virial radius of the group and the width represents twice the velocity
dispersion of the group converted into redshift. The tick marks on the x-axis show
the redshifts of detected Lyα (magenta) and O VI absorbers (green). As we define
in Section 5.3.1, if an absorber is within the projected virial radius of a group and
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Figure 5.3(b) Continued.
the radial velocity difference between the absorber and the group is within 1 σ of
the velocity dispersion of the group, then the absorber and the group are considered
to be associated and are assigned as a group-absorber pair. From Fig. 5.3 we can
easily identify such group-absorber pairs. If a rectangle crosses the x-axis and there
is a green or magenta tick mark located within the rectangle, then we identify an
association. For 52 Lyα absorbers, we find 9 of them are associated with either LDC
or HDC galaxy groups. Some basic properties of the discovered O vi/H I absorbergroup pairs are listed in Table 5.3. Further investigation on these pairs shows that
eight of the Lyα absorbers are not really associated with the groups. Instead, they are
all situated in a large-scale filament composed of the Virgo Cluster and other nearby
groups/clusters as shown in Fig.5.4. Due to the nature of group-finding algorithm,
Crook et al. (2007) identified this large structure as a group in their LDC catalog
(group 904), but in fact it is a result of merging several clusters and groups. In HDC
catalog, most of these groups have been identified individually. Note the only Lyα
124

Figure 5.3(c) Continued.
absorber with O vi detected in these pairs does not show extreme H I column density.
Instead, it has a Lyα column density similar to the median value for the whole sample
of pairs.
To investigate how neutral hydrogen is distributed in large-scale structures, in
panel (a) of Fig.5.5 we plot the column density of detected Lyα absorbers as a function of the physical distance between the absorber and its nearest galaxy group in
LDC (black circles) and HDC catalog (red circles). For comparison, panel (b) shows
the same relationship but for the nearest individual galaxies found in NED. The typical STIS spectrum used in our study are of sufficient signal-to-noise ratio to detect
Lyα absorption down to logNHI ∼ 12.5 cm−2 . The filled circles represent the Lyα
absorber-group pairs. There are some interesting characteristics appearing in the
plot. For example, there are galaxies but no groups lying in the vicinity of 1 Mpc
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Figure 5.3(d) Continued.
around a Lyα absorber. In the region with a radius ∼ 1-10 Mpc around an absorber,
there is more chance to find a galaxy group than a galaxy as the nearest neighbor,
while the possibility to find a LDC group is about twice larger than to find a HDC
group. On very large scale beyond 10 Mpc away from a Lyα absorber, the possibility
of the nearest neighbor to be a LDC group is approximately twice smaller than a HDC
group. Notice that the H I column densities of these Lyα absorbers vary significantly
over 7 orders of magnitude (1012.5 − 1019.5 cm−2 ). It appears that there is no clear
correlation between the Lyα column density and the nearest neighbor distance. The
Lyα absorber with the largest H I column density is at zabs = 0.0063 to PG1216+069.
We will discuss this particular sightline in Section 5.5.3.
In Fig.5.6, we plot the impact parameter as a function of redshift for groups whose
projected virial radii extend across the lines of sight. Black circles present the groups
from LDC catalog and red circles are from the HDC catalog. Filled circles indicate the
groups which are associated with identified Lyα absorbers. There are total of 18 and
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Figure 5.4 Distribution of galaxies of LDC group 904 (solid circles) and group 895
(solid triangles) in the vicinity of Virgo Cluster. Most of the groups in the large-scale
structure has been resolved individually in HDC catalog as indicated by different
colors (except the black symbols). Red stars represent the positions of the sightlines
to background QSOs passing through this region.

Table 5.3. O VI/H I Absorber-2MASS Group Pairs
AGN
3C273.0
3C273.0
3C273.0
HE1228+0131
HE1228+0131
HE1228+0131
PG1216+069
PG1216+069
PG1302-102

zabs

log N(H I)
(cm−2 )

log N(O vi)
(cm−2 )

LDC group
Number

HDC group
number

Notes

0.0034
0.0053
0.0076
0.0030
0.0057
0.0077
0.0063
0.0126
0.0044

14.28
15.77
13.19
13.10
16.75
14.30
19.32
14.03
14.66

13.44
...
...
...
...
...
...
...
...

904
904
895
904
904
895
904
886
...

...
...
...
729(904)
...
...
720(904)
...
740(904)

Virgo
Virgo
Virgo
Virgo
Virgo
Virgo
Virgo
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Virgo

Figure 5.5 Column density of detected Lyα absorber as a function of the distance to
the nearest galaxy group in LDC catalog (black circle) and HDC catalog (red circle),
as well as the nearest galaxy (green circle). The filled black and red circles indicate
these Lyα absorber-group pairs from LDC and HDC catalog.

128

Figure 5.6 Impact parameter as a function of redshift for groups whose projected
virial radii extend across the lines of sight. Black circles present the groups from LDC
catalog and red circles are from the HDC catalog. Filled circles indicate the groups
which are associated with identified Lyα absorbers. The groups in the rectangle are
in the large-scale filament in the vicinity of the Virgo Cluster.

3 such groups in LDC and HDC catalog, respectively. We detect Lyα absorption lines
in three out of 18 (∼ 17%) LDC groups and all three (100%) HDC groups. Note most
of the groups with Lyα detected are in the large structure in the vicinity of the Virgo
Cluster. For the rest of the identified groups, they do not show accompanying neutral
hydrogen in their virial halos. This indicates that a large fraction of the 2MASS LDC
groups do not contain significant amount of neutral hydrogen with density above the
detection limit of STIS. We will discuss the implications of the result in the next
section.
To understand how far metals are spread from groups and how they are distributed
in large scale structure, we are not only interested in O vi detections but also nondetections. Fig.5.7 shows O VI column density as a function of projected distance to the
lines of sight for our target groups from LDC (upper panel) and HDC (bottom panel)
catalog, respectively. Red circles with arrows indicate upper limits on O vi column
density determined using the O vi λ1037.617 line, while black circles are based on
the O vi λ1031.926 line. Filled squares represent the groups with Lyα absorption de-
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Figure 5.7 O VI column density as a function of projected distance to the lines of
sight for our target groups from LDC (upper panel) and HDC (bottom panel) catalog,
respectively. Red circles with arrows indicate upper limit on O vi column density
determined using O vi λ1037.617 line, while black circles, using O vi λ1031.926 line.
Filled squares represent the groups with Lyα absorption detected, and blue stars
mark the group with both Lyα and O vi absorption detected.

tected, and blue stars mark the group with both Lyα and O vi absorption detected.
It is obvious that there is very little O VI absorption detected at these projected
distances away from groups.
Fig.5.8 displays the cumulative distribution function (CDF) of the nearest neighbor distance for three different samples in LDC and HDC catalog. The CDFs are
shown as the percentage of groups versus distance between the nearest group and
the following objects: (1) absorbers with O vi nondetections but upper limits on
the O vi column density (red line), (2) O vi detections (green line), and (3) Lyα
absorbers (black line). The sample size in each CDF is marked in parentheses. With
our search criteria for target groups (see Section 5.3.1), the red lines are located in
the region less than 10 Mpc in the top panel and 5 Mpc in the bottom panel. The
O vi detections are found almost exclusively at distance < 10 Mpc from groups in
LDC catalog. The green line in the bottom panel indicates that metals can be spread
away from the HDC groups out to a maximum distance of 70 Mpc. A LDC group
130

Figure 5.8 CDFs showing the distance between three types of absorbers and the
nearest 2MASS groups around the absorbers. The total number of absorbers are
labled in parentheses.

can be found within 20 Mpc around approximately 80% of all Lyα absorbers, while
a much larger region (∼ 70 Mpc) needs to be searched around the same number of
absorbers in order to find corresponding HDC groups. Overall, for the O vi and Lyα
detections, the nearest neighbor groups in HDC catalog are much further away from
the absorbers than those in LDC catalog.
5.4.2

O VI/H I Absorbers and Individual Galaxies

In this section we briefly present the preliminary results of our study on the
relationship between galaxies and O vi/H I absorbing gas at low redshift (z < 0.1).
The FUSE and STIS spectra of 31 QSOs used in the previous study of the correlation
between O vi/H I absorbers and 2MASS groups are utilized here. We will not focus
on specific absorber-galaxy pairs, which are pretty interesting in their own right, but
instead will concentrate on the overall detectability and properties of O VI-bearing
gas associated with nearby galaxies.
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Figure 5.9 The Lyα , and/or Lyβ , as well as O vi λ1031.926 spectra for all 7 detected
intergalactic O vi absorbers potentially associated with nearby individual galaxies.
For each absorber, the name of the background AGN, the redshift of the nearest
target galaxy, and the identification of the lines are given. The zero velocities are
centered at the redshifts of the target galaxies. Unrelated features in the spectra are
shown as red.

Figure 5.10 Three suspicious cases of O vi detection. As in Fig.5.9, the name of the
background AGN, the redshift of the nearest target galaxy, and the identification of
the lines are given. The short mark sticks indicate well-known unrelated features.
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For all of the target galaxies along each sight line, we search for H I and O vi
absorption features within the ±300 km s−1 window centered on the redshifts of these
galaxies within zabs < 0.1. We classify our search results into three categories: (1)
detectable O vi lines; (2) suspicious O vi lines; and (3) undetected O vi lines. Any
case in which the relevant region of the FUSE spectrum is overwhelmed by unrelated
lines is excluded from this analysis. There are in total 328 target galaxies found
along the directions to the 31 background QSOs in our sample. Overall, we obtain
87 usable individual spectral regions, including 7 O vi detections, 3 suspicious cases,
and a large fraction of nondetections. Fig.5.9 presents the Lyα and/or Lyβ as well
as O vi λ1031.926 spectra for all seven detected intergalactic O vi absorbers. For
each absorber, we list the name of the background AGN, the redshift of the nearest
target galaxy and the identification of the lines. The zero velocities are centered at
the redshifts of the corresponding target galaxies. Unrelated features in the spectra
are shown as red. Fig.5.10 shows three suspicious cases of O vi detection. The known
airglow emission lines, intergalactic and Galactic absorption lines are indicated by
mark sticks. At zgal = 0.0424 toward HS0624+6907, the Lyα features associated
with the possible O vi absorption lines are not detectable at the corresponding velocities. In the case of zgal = 0.00176 toward PG1004+130, the Lyα absorption
is severely blended with strong airglow emission lines. For zgal = 0.05600 toward
HS0624+6907, we detect Lyα absorption features in the velocity range where O vi
absorption appears. But both profiles of Lyα and O vi absorption are complicated,
and show multiple velocity components. Moreover, there exist significant uncertainties in the continuum placement of the O vi line, which makes it possible that the
O vi absorption features shown here are indeed just part of the curved continuum.
We construct the stacked spectra for Lyβ and O vi λ 1031.926 with different
combinations of the three classifications. Fig.5.11 illustrates the composite spectra
for (a) Lyβ , (b) the O vi by stacking all three classifications, (c) the O vi by stacking
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only classification 1, and (d) the O vi with the contributions from classification 1 and
3. A strong Lyβ absorption is clearly detected in the composite spectrum. We also
detect extragalactic O vi absorption at > 3σ significance level in all of the three
stacked O vi spectra. The observed Na (υ) profiles derived from the O VI line in
panel (d) of Fig.5.11 and Lyβ line are shown in Fig.5.12. The black histograms show
the O VI profiles and the cyan dot histograms represent the Lyβ profiles. The O vi
profile has been scaled with different factors to show its correspondence with the
Lyβ data. Fig.5.13 shows the results from the pixel analysis. Lyβ-O VI pixel pairs
are binned according to their Lyβ optical depth, and the data points indicate the
logarithm of the median Lyβ and O VI optical depth for each bin. The apparent
O vi optical depth is clearly correlated with τLyβ down to τLyβ ∼ 10−2 , indicating
that O vi is detected in the Lyβ forest. The green dashed line indicates the median
τOV I corresponding to the set of all H I pixels.

5.5
5.5.1

Discussion
Diffuse Hot Intragroup Gas in Spiral-only Groups

X-ray observations indicate that approximately half of all nearby groups of galaxies are luminous X-ray sources with typical radial extent of diffuse X-ray emission of
50-500 kpc, or about 10-50% of the virial radius of the group (see Mulchaey 2000,
and references therein). Although the X-ray emission is extended compared to the
optical extent of the group, it is still relatively concentrated in the central region of
the group. X-ray observations cannot probe the hot, lower density intragroup gas at
the outskirts of the group, since the intensity of X-ray emission drops as the density
squared when the density gradually decreases from the center to the outer part of
the group. Moreover, it has been a puzzle that there exists a correlation between
the presence of X-ray emission and the morphological content of groups as indicated
by ROSAT observations: the detection of X-ray emission is limited to groups which
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Figure 5.11 Composite spectra for (a)Lyβ ; (b) O vi λ1031.926, in which all 87
available individual spectra of O vi are stacked together; (c) O vi λ1031.926 resulted
from stacking 77 spectra of non-detections; (d) O vi λ1031.926 produced by stacking
77 spectra of non-detections and 7 spectra of detections.

Figure 5.12 Comparison of the O VI apparent column density profile
(black histograms) to the affiliated Lyβ column density profile (cyan-dot histograms) for the stacked spectra. The O vi has been scaled by different factors as
indicated in each panel for easy comparison.
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Figure 5.13 Results from the pixel analysis. H I-O VI pixel pairs are binned according
to their H I optical depth, and the red squares indicate the logarithm of the median
H I and O VI optical depth for each bin. There are equal number of data points in
each bin. Vertical error bars are the standard deviation of O vi optical depth in each
bin and horizontal bars represent the interval of Lyα optical depth for binning. The
green dashed line shows the median O vi optical depth for the full set of data. The
solid cyan line indicates a linear fit to the red squares excluding the first one which
has much larger bin size and uncertainty.

contain at least one giant early-type galaxy; spiral-only groups do not show evidence
for an extended intragroup medium component. One speculation is that, instead of
real, physically bound systems, spiral-only groups are chance superpositions (Frederic 1995; Ramella et al 1997) or large-scale filaments viewed edge-on (Hernquist et
al. 1995). However, a number lines of evidence show that this is unlikely (Zabludoff
& Mulchaey 1998). The second possibility is that the intragroup gas in spiral-only
groups is at too low a temperature (< 4 × 106 K) to be revealed in X-rays (Mulchaey
et al. 1996; Perna & Loeb 1998; Hellsten et al. 1998). In this scenario, the cool intragroup medium in spiral-only groups is expected to produce various high-ionization
absorption lines in the UV spectra of background QSOs, such as the O VI doublet.
A third possibility is that the gas densities in these groups are simply too low to be
detected in X-rays, but the temperature is too high for detection of UV absorption.
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Table 5.4. Morphological Composition of Selected Groups
Group
Catalog

LDC

HDC

Group
Number

All Galaxies

Spirals

Number of
Ellipticals

S0

Unknown Type

Classification

26
51
423
472∗
495
686∗
743
774
842
886
895∗
904∗
921
937
1062∗
1089
1177
1492
720∗
729∗
740∗

9
4
3
3
7
4
9
3
12
4
4
300
80
8
3
3
4
19
205
21
23

7
0
3
3
3
2
8
3
12
3
2
143
22
2
0
1
1
9
89
11
11

1
2
0
0
1
0
0
0
0
0
0
41
8
1
0
0
0
1
35
2
2

0
2
0
0
1
2
1
0
0
1
2
110
33
0
0
1
0
7
79
8
8

1
0
0
0
2
0
0
0
0
0
0
6
17
5
3
1
3
2
2
0
2

S-rich
E-rich
S-only
S-only
S-rich
S-rich
S-rich
S-only
S-only
S-rich
S-rich
S-rich
S-rich
...
...
...
...
S-rich
S-rich
S-rich
S-rich

Note. — The morphological types of galaxies in 2MASS groups are obtained from HyperLeda
(http://leda.univ-lyon1.fr/). A group is designated as spiral-rich (S-rich) if it contains less than onethird giant elliptical galaxies (Mulchaey et al. 1996). Otherwise, it is classified as elliptical-rich (E-rich).
The groups marked with asterisks are in the large-scale filament including the Virgo Cluster.
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There are several sight lines in our sample passing through the gaseous component of the 2MASS groups within their virial radii. The morphological composition of
these groups are listed in Table 5.4. Note that all but one of these groups are spiralrich, containing less than one-third giant elliptical galaxies. Among the spiral-rich
groups, there are four groups whose galaxy members are all spirals, which provides
us a good chance to test above two speculations regarding the absence of hot diffuse intragroup medium in spiral-only groups indicated by X-ray observations. They
are LDC group 423 at z=0.0279 toward QSO PKS0558-504, group 472 at z=0.0064
toward MS0700.7+6338, group 774 at z=0.0153 toward HS1102+3441, and group
842 at z=0.00045 toward PG1259+592, which is also probed by the sight line to 3C
249.1. Although in the UV bandpass the lithium-like O VI is the strongest transition expected in a collisionally ionized gas with column density and temperature
appropriate for intragroup gas, we do not detect any O VI doublet absorption lines
near the redshifts of the four groups. In addition, even at the high temperatures in
groups, the Lyman series lines can still be present due to the considerable abundance
of hydrogen. Among the four spiral-only groups, high-resolution STIS spectra are
only available for group 842, whose Lyα absorption feature can be identified down
to logNHI ∼ 12.5 cm−2 in the spectra of QSOs PG1259+593 and 3C249.1. However, the Lyα absorption line at the redshift of group 842 is at the bottom of the
saturated MW Lyα line and hence there is not enough residual flux to be used to
measure the Lyα column density. Since the systemic velocity of the group is only
136 km s−1 , higher order Lyman series lines from the intragroup medium are blended
with the corresponding absorption from the ISM of the Milky Way. It is difficult to
estimate the contribution of the group absorption to the overall absorption features
observed at z=0. For the other three groups, a search for Lyβ and higher order
Lyman series lines has been conducted using the FUSE spectra of their background
QSOs. The FUSE spectrum of HS1102+3441 has very low signal to noise ratio and
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we do not detect Lyβ absorption arising in group 774 at z=0.025 with 3σ confidence
level. For group 423 and 472, Lyβ line may be present. Both absorption features are
contaminated by molecular hydrogen absorption from the ISM of the MW. After we
subtract the H2 contribution, there are still some signals indicative of the existence
of extragalactic Lyβ absorption. The profile fitting procedure produces a H I column
density of 1.67 × 1014 cm−2 and 9.45 × 1013 cm−2 for group 423 and 472, respectively.
However, the identification of Lyβ absorption from the two groups are problematic,
because they cannot be confirmed through the detections of other high-level Lyman
series lines since the Sic channel data that cover these lines are too noisy to be useful.
However, future observations of Lyβ with COS with higher spectral resolution and
better S/N ratio could be useful.
Our results are certainly associated with large uncertainties. Nevertheless, they
have some important implications. First of all, we should be aware that the ambiguous detection of H I and the nondetection of O VI absorption associated with the
four spiral-only groups do not imply that spiral-only groups do not contain any hot
gas. There are several possibilities to interpret the nondetection of O VI absorption
line within one virial radii of these spiral-only groups. First, the metallicity of the
intragroup medium could be very low due to poor metal mixing on the group scale.
We will return to this point in the following section. It is expected that the O VI
peaks in abundance at T∼ 105.5 K in collisionally ionized gas. It is possible that the
intragroup gas is at higher temperature than what Mulchaey et al. (1996) predicted
and oxygen is fully ionized and is mostly in the form of higher ionization states, such
as O VII and O VIII (Hellsten et al. 1998). We would need X-ray spectroscopy to
test this possibility, which could potentially be done with the future International
X-ray Observatory (IXO). In this scenario, O VI is not a good tracer of hot diffuse
intragroup medium. Actually, there is strong evidence that a large fraction of O VI
absorbers are “inconsistent with current equilibrium and non-equilibrium collisional
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ionization models but are easily understood if photoionized” at lower temperature
(Tripp et al. 2008). At a typical temperature for intragroup gas, most of the hydrogen is expected to be fully ionized. But a considerable amount of it can still survive
as H I with a broad Lyα absorption profile (Tripp et al. 2001; Richter et al. 2004,
2006a, 2006b). If the two identified Lyβ absorption from group 423 and 472 are real,
they indicate the temperature of the absorbing gas is around 8 × 104 K and 1 × 105 K,
respectively, assuming the line broadening is dominated by thermal motions. These
temperatures can be taken as upper limits if other mechanisms also contribute to the
line broadening such as turbulence. Moreover, we do not detect any lower-ionization
metal lines associated with the two Lyβ absorbers at such low temperature, such as
Si III, C IV, Si IV and N V at the S/N levels of current FUSE and STIS data. These
Lyβ absorbers could present pressure-confined primordial gas clouds left over from
the initial formation of the groups. It is also possible that the broad H I absorption
expected to arise in the hot ingragroup medium is hidden in the spectral noise.
In summary, the four groups we present here provide a small but valuable sample
to study the properties of absorbing gas in spiral-only groups. The available FUSE
data do not have high enough spectral resolution and S/N ratio to enable us draw
any firm conclusions about the existence and nature of diffuse hot intragroup gas in
spiral-only groups in general. COS aboard HST can record UV spectra with higher
resolution and better S/N than FUSE. With a bigger sample size, COS can potentially
make great progress in this research field.
5.5.2

Intragroup Medium vs. Gas Associated with Galaxies

In our sample, some of the lines of sight pass through regions within one virial
radii of the groups. In general, the material within one virial radius is expected to be
gravitationally bound to the group. Totally, we can explore the physical conditions of
the intragroup medium in 18 LDC groups and 3 HDC groups. However, it is possible
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that some of the sight lines might pierce through the gas in the immediate vicinity
of a galaxy member of the group and the observed absorption is in fact not from the
true intragroup medium but rather is associated with halo of the individual galaxy;
for example the observed absorption could result from the ISM of a nearby galaxy or
arise in gas ejected or stripped from a galaxy.
We detect three cases where there is good chance that the absorbing gas is indeed
associated with individual galaxies in groups. The measurement of detected absorption lines in these three cases are summarized in Table 5.5. The first absorber at
z=0.0057 along the line of sight toward HE1228+0131 has been studied by Rosenberg et al. (2003). The absorber is at the outskirts of the Virgo Cluster at physical
separation of 500 h−1
70 kpc. Multiple Lyman series lines and two component metal lines
of C II, Si II, Si III, C IV and Si IV are detected for this absorber and photoionization
is found to be a responsible ionization mechanism. The authors suggest that the absorber is the overdensity gas in a large-scale structure filament. However, the galaxy
origin of the absorbing gas cannot be completely excluded. The galaxy redshift survey
has been improved since Rosenberg et al. paper. SDSS has found some faint galaxies
in this region. Notice galaxy SDSS J122947.81+015901.3 is only 57 kpc away from
the absorber with a large velocity difference of ∼ 1400 km s−1 . However, evidence of
strong galactic ourflows with such a large velocity has been discovered (Veilleux et
al. 2005, and references therein). The second absorber detected at z=0.0063 toward
PG1216+069 is also at Virgo distance. Tripp et al. (2005) present a detailed analysis
of this absorber. Some lowly-ionized absorption lines have been detected such as O
I, C II, Si II, and Fe II, while no signature of highly-ionized Si IV, C IV, and OVI
absorption is associated with the absorber. SDSS finds a galaxy VCC 0339 is 33 kpc
and 300 km s−1 away from the absorber. Such close proximity of the galaxy to the
absorber makes an outflow model particularly attractive. The third sample is the
absorber at z=0.0044 along the line of sight to PG1302-102, which passes through
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Table 5.5. MEASUREMENTS OF METAL LINES
Species
(1)
HI
C II
Si II
C IV
Si IV

HI
NI
OI
C II
Si II
Fe II
C IV
Si IV
HI
C III
C IV

Lines
(Å)
(2)

υ
(km s−1 )
(3)

b
(km s−1 )
(4)

log N
(cm−2 )
(5)

HE1228+0131 zabs = 0.0057 (Rosenberg et al. 2003)
1215.67
-24
23 ± 1
16.20
13
17 ± 1
16.60
1334.53
−24 ± 1
6±2
13.22 ± 0.07
13 ± 1
11 ± 1
13.69 ± 0.03
1260.42
−30 ± 4
19 ± 7
12.42 ± 0.14
11 ± 1
7±2
12.49 ± 0.09
1548.20, 1550.78
−21 ± 4
15 ± 6
12.88 ± 0.17
11 ± 1
10 ± 2
13.26 ± 0.06
1393.76, 1402.77
−25 ± 4
14 ± 7
12.46 ± 0.20
9±1
8±2
12.86 ± 0.08
PG1216+069 zabs = 0.0063 (Tripp et al. 2005)
1215.67
...
...
19.32 ± 0.03
1199.55
...
...
< 13.28
1302.17
0±1
7±1
14.32 ± 0.09
28 ± 2
9±3
13.66 ± 0.09
1334.53
−4 ± 1
6±1
14.21 ± 0.30
28 ± 1
8±2
13.36 ± 0.08
1190.42, 1260.42, 1304.37, 1526.71
−2 ± 1
6±1
13.44 ± 0.06
23 ± 1
10 ± 2
12.66 ± 0.06
1608.45
−4 ± 1
3±1
13.43 ± 0.11
1550.78
...
...
< 13.36
1402.77
...
...
< 12.88
PG1302-102 zabs = 0.0044 (Cooksey et al. 2008)
1215.67, 1025.72, 930.75
...
17+1.5
15.80+0.4
−1.7
−0.2)
977.02
...
...
< 13.48
1548.20,1550.78
...
...
13.11 ± 0.11

Method
(6)
FIT
FIT
FIT
FIT
FIT

Lorentzian wings
3σ
FIT
FIT
FIT
FIT
3σ
3σ
COGM
3σ
AODM

Note. — Column (6) indicates the method used to calculate the column density: FIT (Voigt profile fitting),
AODM (apparent optical depth method), and COGM (curve of growth method).

the Virgo Cluster at this redshift. Cooksey et al. (2008) detected H I, C III and
C IV absorption lines in the intervening gas, but no O VI is significantly detected.
From the kinematics of Lyα and C III and photoionization modeling, Cooksey et al.
suggested that the zabs = 0.0044 absorber is a photoionized, metal-poor, single-phase
medium. Unfortunately, the region near the absorber is not covered by SDSS and
we do not find any galaxies with impact parameter less than ∼ 300 kpc around the
absorber.
Although a galaxy origin is feasible to interpret the lowly-ionized absorption lines
associated with the absorbers bound in galaxy groups, it is not the only solution.
Other possibilities may also be valid under certain circumstances. For example, the
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lowly-ionized absorbers could be in a self-enriched dark-matter halo, possibly the
ancient building blocks of galaxy formation (Blitz et al. 1999). On the other hand,
the reveal of absorption systems with only highly-ionized species present (e.g., O
VI, O VII, O VIII, Ne VIII etc.) would offer strong support to the emergence of
collisionally ionized gas, which might be attributed to the pure intragroup medium.
5.5.3

Extend of Metal Enrichment

Supernova explosions can drive strong winds into the outer halos of galaxies or
the IGM (e.g., Veilleux et al. 2005). The metals carried by the massive superwinds
will either fall back onto the galaxy (so called ”galactic fountain”) or get mixed into
the IGM. There is strong observational evidence that wind ejecta provide the main
source for enriching the gas near galaxies (Martin, Kobulnicky, & Heckman 2002).
However, how far the metals can be carried away from their parent galaxies and how
smoothly they will be mixed with the surroundding IGM are still unknown. Studying
these important questions can shed light on the physics of galactic winds and the
star formation history of the galaxies; both are key ingredients in galaxy formation
theories.
Quasar absorption spectra have produced a wealth of information regarding the
spatial distribution of metals and neutral hydrogen around galaxies at high redshifts
2 . z . 3 (Adelberger et al. 2005). These galaxies generally show strong C IV
absorption (NCIV ≫ 1014 cm−2 ) within 40 kpc of the galaxy. Pieri et al. (2006)
investigated the impact of environment on the metallicity of the diffuse IGM at z∼ 3.
They found that the abundance of carbon depends on the proximity to galaxies and
the pollution is likely to be much more widespread than the immediate surroundings of galaxies. Moreover, Scannapieco et al. (2006a, 2006b) studies the clustering
properties of highly (C IV and Si IV) and lowly (Mg II and Fe II )-ionized metals.
Their hydrodynamic simulation indicates that a constant metal distribution cannot
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reproduce the observed correlation functions while the properties of C IV are generally consistent with a model in which metals are confined within bubbles with a
typical radius ∼2 Mpc. Schaye et al (2007) carried out a survey for high-metallicity C
IV absorbers at z∼ 2.3 and concluded that intergalactic metals are poorly mixed on
small scales with heavy elements concentrated in small patches and nearly all of the
IGM being primordial. There is currently great interest in the correlations between
low-redshift metal absorption systems and galaxies. Tumlinson & Fang (2005) found
that the observed number density of O VI absorbers is accordant with the value predicted by their model in which metals are dispersed out to ∼200 kpc by dwarf galaxies
and carried away out to 0.5-1 Mpc by superwinds in massive galaxies. Similar results
are obtained from an analysis of galaxy environment of O VI absorption systems at
z < 0.15 by Stocke et al (2006). They found that the metals have a median spread
−1
of 300-500 h−1
70 kpc around L∗ galaxies and 200-270 kpc h70 around 0.1 L∗ galaxies,

which are in broad agreement with large-scale cosmological simulations (Ganguly et
al. 2008; Oppenheimer & Davé 2009). In the nearby universe (z < 0.017) all O VI
absorbers are found to occur within 550 kpc of an L > 0.25 L∗ galaxy (Wakker &
Savage 2009).
In our survey for O IV absorbers at redshift z < 0.1 (combining the search for
absorbers associated with 2MASS groups and absorbers associated with NED galaxies) in 31 quasar spectra, we find 15 metal systems. Tables 5.6 lists the projected
and three-dimensional distances from these metal absorbers to their nearest galaxies
assuming a pure Hubble flow model, along with the absorber-galaxy velocity separation. Among the 15 metal absorbers, four show some metal absorption lines besides
O VI, particularly some lowly- and moderately-ionized species, such as C II, Si II, C
IV and Si IV. They are the absorbers at z=0.0175, 0.0057, 0.0063 and 0.0044 along
the line of sight to background QSO HE0226-4110, HE1228+0131, PG1216+069,
and PG1302-102, respectively. The latter three absorbers are within virial radii of
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2MASS groups and have been discussed in Section 5.2. The absorber at z=0.0175
toward HE0226-4110 is not affiliated with any 2MASS group and the nearest galaxy
is ∼1 Mpc away. We clearly detect the Lyα line, C IV doublet, and significant O VI
1032 absorption at the absorber’s redshift. Lehner et al. (2006) show that the system
can be collisionally ionized if N/O is subsolar, but the observed column densities can
also be explained by a simple photoionization model with relative solar abundance.
Such photoionization/CIE (collisional ionization equilibrium) degeneracy in the O VI
ionization mechanism and the nature of this absorber need high S/N FUV spectra
obtained with COS or other future FUV instruments for further exploration.
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Table 5.6: Nearest Galaxy to the Metal Absorbers

Distancea

ρa

∆υ b

R.A.(gal)

decl.(gal)

(2000)

(2000)

zgal

Species

zabs

(Mpc)

(Mpc) km s−1

3C249.1

Lyα , O vi 1031.93

0.0261

1.441

1.352

36

10 51 33.7

76 55 11.0

0.0260

3C273.0

Lyα , Lyβ , O vi 1031.93

0.0034

0.432

0.308

-22

12 32 50.5

02 47 50.0

0.0035

Lyα , O vi 1031.93

0.0901

0.510

0.474

15

12 28 51.9

02 06 3.0

0.0900

Lyα , Lyβ , O vi 1031.93

0.0244

1.304

1.250

-28

18 19 48.8

63 40 46.0

0.0245

N

AGNs

1
2
3
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4

H1821+643

5

HE0226-4110

Lyα , Lyβ , C IV, O vi 1031.93

0.0175

1.099

1.044

-25

02 24 35.9

-41 23 06.0

0.0176

6

HE1228+0131

Lyα , C II, Si II, C IV, Si IV

0.0057

0.602

0.573

-13

12 34 14.9

02 17 47.0

0.0057

Lyα , O vi 1031.93

0.0308

0.539

0.500

-15

12 30 33.3

01 28 15.0

0.0309

Lyα , O vi 1031.93, 1037.62

0.0199

4.817

1.687

324

06 16 16.7

69 10 25.0

0.0188

Lyα , O vi 1031.93

0.0650

0.375

0.375

0

06 30 58.3

69 04 34.0

0.0650

7
8

HS0624+6907

9
10

Mrk876

Lyα , Lyβ , O vi 1031.93

0.0031

0.331

0.180

19

16 20 58.1

65 23 26.0

0.0030

11

PG1216+069

Lyα , N I, O I, C II, Si II,

0.0063

0.228

0.191

9

12 19 23.8

06 13 59.0

0.0063

Fe II, C IV, Si IV
Continued on Next Page

Table 5.6 — Continued
Distancea
N

AGNs

12

PG1259+593

13

ρa

∆υ b

R.A.(gal)

decl.(gal)

(2000)

(2000)

zgal

Species

zabs

(Mpc)

(Mpc) km s−1

Lyα , O vi 1031.93, 1037.62

0.0021

0.113

0.055

7

13 02 06.4

58 41 43.0

0.0021

Lyα ,β, γ, ǫ, η, κ

0.0461

0.371

0.235

21

13 01 00.6

58 58 05.0

0.0460

14

PG1302-102

Lyα , Lyβ , C III, C IV, Si IV

0.0044

0.457

0.393

-17

13 02 04.1

-11 22 42.0

0.0045

15

PKS2155-304

Lyα , O vi 1031.93

0.0571

0.719

0.719

0

21 58 57.2

-30 02 46.0

0.0571
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Note. — Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and
arcseconds. ρ is the projected distance.
a

Absorber-galaxy physical and projected distances assuming H0 = 73 km s−1 M pc−1 and neglecting any departures from a pure

Hubble flow.
b

∆υ = c(zabs − zgal )/(1 + zmean ) where zmean is the mean of zabs and zgal .

For the rest of the metal systems, O VI is the only metal detected. We find that
the distance between the nearest galaxy to the absorber in Table 5.6 span a large range
(∼100 kpc-∼5 Mpc). The median distance is about 500 kpc, which is comparable
with the results from other observations at low redshift (Stocke et al. 2006; Wakker &
Savage 2009). Noting that our galaxy redshift data are from NED. Ideally, we would
apply a galaxy luminosity selection criterion. However, the magnitudes that NED
provides are on many different systems, including, but not limited to BT , UBV, SDSS
ugriz, and photographic measurements, and trying to regularize these magnitudes
would bring some uncertainties (Wakker & Savage 2009). Our findings of the nearest
galaxies for the 15 metal absorbers may be biased due to the nonuniformity in the
galaxy redshift data we used. Some lines of sight may have been surveyed more deeply
than the other directions. In the next step, we will use uniform luminosity-limited
galaxy sample to repeat the above analysis and to see if there is significant difference
in the results.
The above discussion is mainly based on the assumption that the detected metals
are ejected from the nearest galaxies by certain feedback processes, most likely galactic
winds. Undoubtedly, this is not the only possible scenario to explain the observed
metal systems. They could be self-enriched small dark-matter halos. Alternatively,
the metals may have been deposited long time ago from the progenitors of presentday galaxies by winds or AGN activities. The metals may also have been stripped
out from a satellite galaxy which has been merged into its parent galaxy and is now
spatially indistinguishable from it.

5.6

Summary

We have searched for O VI-bearing gas associated with 2MASS galaxy groups
(z < 0.034) in 31 QSO spectra . Seven O VI absorbers have been clearly identified,
all of which are associated with detectable H I absorption with various strength. We
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are unable to identify any statistically significant correlation between H I column
density and the distance between these H I absorbers and their nearest groups. Our
detection of only 7 O VI absorbers is simply not large enough to enable us to carry
out a statistical study. Nevertheless, we find the distance between the O VI absorbers
and their nearest group in 2MASS LDC catalog span ∼3-10 Mpc, while using HDC
catalog the nearest group could be > 50 Mpc away. One O VI absorber is associated
with a large-scale filament in the vicinity of the Virgo Cluster and the rest are not
gravitationally bound to any galaxy groups. It seems that the locations of the O
VI absorbers do not correlated with the spacial distribution of large-scale structures
manifested by galaxy groups, which is not what hydrodynamical simulations would
expect. However, there is observational evidence of the existence of WHIM in cosmic
filaments and sheets from other observations. For example, Bregman et al. (2004)
studied three QSO sight lines and detected O VI absorption lines at the redshifts
of the nearby galaxy clusters in all three directions. The validity of the simulation
prediction requires further observational and theoretical testing.
Our study of the relationship between O VI absorbers and individual galaxies
extend the previous search for O VI absorption associated with 2MASS groups to
z∼ 0.1. Compared to galaxy groups, the O VI absorbers are more closely correlated
with galaxies spatially (see Fig. 5.5). We detect O VI at > 3σ level in the composite
spectra produced by stacking all individual O VI spectra shifted to the redshifts of
the galaxies within projected distance of 500 kpc to the sight lines. We also find
a positive correlation between the binned O VI optical depth and the Lyα optical
depth using the pixel-by-pixel technique. They both suggest that O VI-bearing gas
is correlated with nearby galaxies through some ”feedback” processes. The discovery
of some lowly-ionized absorption lines associated with some of these O VI absorbers
indicate supernova-driven winds may play important role in polluting the IGM.
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CHAPTER 6
VARIABLE O VI AND N V EMISSION FROM THE
X-RAY BINARY LMC X-3: HEATING OF THE BLACK
HOLE COMPANION

The sight line to the black-hole X-ray binary LMC X-3 in the outskirts of the
Large Magellanic Cloud provides a unique opportunity to study the gaseous halo of
the Milky Way. In our cycle 5 FUSE (Far Ultraviolet Spectroscopic Explorer) program,
LMC X-3 was observed as a background source to study the nature of “warm-hot”
gas in the Galactic halo by measuring O VI, O VII, O VIII, and Ne IX absorption
lines ( Wang et al. 2005). For the same purpose, we have recently observed LMC X-3
again with the Cosmic Origins Spectrograph, the new spectrograph on Hubble Space
Telescope. During the data reduction processes, we find an O VI emission feature
and a N V emission feature in the vicinity of expected O VI and N V absorption lines
at the LMC velocities, respectively. Moreover, they consistently show significant
velocity variability and regular intensity change. Our accurate identification and
measurement of the interested absorption lines due to the gaseous halo of the Milky
Way is inevitably hampered by the UV emission. Therefore, it is necessary and
important to understand their origin, which turns out to be quite interesting in its
own right as we show in the current chapter.

6.1

Introduction

How do black holes affect and interact with their surroundings? This is one of the
highest priority questions of current astrophysics. Typically, the angular momentum
of accreting material drives the formation of a disk around the black hole. The hot
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inner accretion disk is a powerful source of high-energy X-ray radiation, since immense
gravity can cause substantial heating of matter spiraling in toward the black hole.
In general, the X-rays emerging from the inner disk and corona can illuminate and
ionize surrounding material, and in the case of black holes in binary star systems, the
high-energy emission can affect matter on the surface of the companion star, in the
stellar wind, in the accretion flows, or the outer disk. A significant amount of the Xray radiation could be reprocessed into ultraviolet/optical photons. Such reprocessing
might account for the continuum and/or some of the observed emission features in the
UV/optical spectra of black-hole systems (although UV/optical continuum emission
can also emanate directly from the accretion disk). For this reason, the study of
UV spectra of black hole systems can provide valuable insights about the physics of
accreting black holes and the impact they have on their surroundings. The analysis
of the variability of the UV radiation from a binary star system as a function of
orbital phase can determine the location of the region producing the UV photons, the
physical conditions existing in the region, the mechanism producing the radiation,
and kinematic parameters of the binary itself.
LMC X-3, which was first discovered by Leong et al. (1971), is an excellent target for this type of study. It is a bright X-ray binary (XRB) system in the Large
Magellanic Cloud composed of a B3 V star (V ∼ 16.7 − 17.5) and a central blackhole (Cowley et al. 1983, hereafter C83). It is one of the few black-hole candidates
that are persistently luminous in X-rays and also bright enough to be observed with
high-resolution ultraviolet spectrographs with good signal-to-noise (S/N). The black
hole is believed to be undergoing accretion from its B-star companion via Roche
lobe overflow with an orbital period of 1.7 days (C83; Soria et al. 2001). Spectroscopic observations of the B star indicate a large radial velocity semiamplitude,
KB = 235 ± 11 km s−1 (C83). Although LMC X-3 has been intensively studied in the
X-ray band, UV spectroscopic observations of this target are more sparse. The first
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Far Ultraviolet Spectroscopic Explorer (FUSE) observation of LMC X-3 was made by
Hutchings et al. (2003, hereafter H03) in November 2001. During the 24 ks exposure, LMC X-3 was in its brightest X-ray phase. These observations revealed a broad
emission feature in the vicinity of the O vi λλ1031.9,1037.6 doublet, which Hutchings
et al. argue is due to the blend of the 1031.9 and 1037.6 Å lines (see their Figure
4). From this emission, they measured a shift in the O vi emission velocity between
two binary phases of about 100-150 km s−1 . Assuming the O vi emission arises in
the inner parts of the black hole’s accretion disk, they conclude that the minimum
mass of the B star and the black hole are 13 and 15 M⊙ , respectively. However, their
measurement of the velocity variation of O vi emission with binary phase suffers from
some uncertainties. First, the ephemeris they used to determine the phase is from
more than 20 years ago. Over such a long time baseline, the errors contained in the
ephemeris could be accumulated, resulting in phases that are off by ≈0.1 at the 1σ
level. Another source of uncertainty is the limited phase coverage of their observations. Due to the modest S/N of their FUSE data, Hutchings et al. summed their
FUSE spectra into only two phase bins centered at phases = 0.53 and 0.70, which
only loosely constrains Kbh , the velocity semiamplitude of the black hole. Overall,
these limitations preclude any firm conclusions about the nature and implications of
the O vi emission.
An updated ephemeris and expanded UV spectroscopy with better orbital coverage are needed to better constrain the implications of the UV emission lines and the
characteristics of this XRB system. In this paper, we revisit LMC X-3 with a new
ephemeris and new UV observations. We update the ephemeris of LMC X-3 based on
high-resolution optical spectroscopy recently obtained with the 6.5m Magellan-Clay
telescope. We also report new ultraviolet observations of LMC X-3 from two highresolution instruments. First, we present temporal monitoring of the O vi emission
using FUSE data with a much longer time baseline that provides more than three
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quarters of the LMC X-3 orbit. With the extended FUSE data, we detect narrow
O vi emission from the binary system and measure the variations in velocity and
intensity of the emission as a function of orbital phase. Second, we complement the
O vi analysis with new observations of the N v λλ1238.8,1242.8 doublet obtained
with the Cosmic Origins Spectrograph (COS) on board the Hubble Space Telescope
(HST). The N v emission is detected at high significance in the COS data and provides corroborating evidence of the velocity and intensity variations of the highly
ionized emission. During the time of the FUSE observations in 2004, LMC X-3 was
also observed quasi-simultaneously in the X-ray bandpass with Chandra and the Rossi
X-ray Timing Experiment (RXTE); see Wang et al. (2005) for full details. While our
emphasis in this paper is on the UV emission lines, we also briefly comment on the
affiliated X-ray observations. With the combination of this information, we investigate the following questions: (1) Does the O vi emission originate in the accretion
disk, the ionized stellar wind, the illuminated surface of the B star, or a hot spot (e.g.,
from the spot where overflowing Roche lobe material impacts the accretion disk)? (2)
Does the N v doublet emission arise in the same region as the O vi emission, i.e., are
the N v and O vi features physically associated?

6.2
6.2.1

Observations
Optical Spectroscopy

Fifty three spectra of the optical counterpart (Warren & Penfold 1975) of the Xray binary system were obtained on the nights of 2005 January 20–24, 2007 December
20–21, and 2008 February 27 – 2008 March 1 using the Magellan Inamori Kyocera
Echelle (MIKE) spectrograph (Bernstein et al., 2003) on the 6.5 m Magellan-Clay
telescope at Las Campanas Observatory. The instrument was used in the standard
dual-beam mode with a 1.′′ 0 × 5.′′ 0 slit and the 2 × 2 binning mode. With a few
exceptions, the typical exposure time was 1800 s. We only focus on spectra from
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the blue arm, which has a wavelength coverage of 3430–5140 Å and resolving power
of R = 33, 000. The radial velocities were determined from these new spectra using
the fxcor task within IRAF and then fitted to a circular orbit model. The typical
uncertainties of the radial velocities are 3.5 km s−1 .
6.2.2
6.2.2.1

Ultraviolet Spectroscopy
FUSE Observations

Following the initial observations of Hutchings et al. (2003), LMC X-3 was observed again with FUSE in April 2004, and during the latter campaign quasi-simultaneous
observations were recorded with Chandra and RXTE (Wang et al., 2005). The 2004
FUSE observations provided a total exposure time of 86 ks (≈ 4× longer than the
original FUSE observations obtained in H03). LMC X-3 is a variable source, and in
April 2004 the average UV flux of the target turned out to be ≈ 4× fainter in the relevant spectral regions compared to the UV flux when Hutchings et al. (2003) observed
it in November 2001. Consequently, the S/N ratios are comparable in the FUSE data
obtained in 2001 and 2004. However, the addition of the later data set significantly
improves the orbital coverage of the O vi data. Both the 2001 and 2004 FUSE data
were reduced with CALFUSE, version 3.0 (Dixon et al., 2007). It is important to note
that the FUSE SiC channels suffer from scattered solar light problems in the 2004
data, and in this paper we only use the data from the LiF channels (details regarding
the design and performance of FUSE can be found in Moos et al., 2000, 2002).
In Figure 6.1, we compare the FUSE observations of LMC X-3 obtained in 2001
(black histogram) and in 2004 (red histogram) in the wavelength range near the O vi
doublet (in this figure, all of the data obtained in 2001 are accumulated into a single
spectrum, and likewise all of the 2004 data are coadded). Bright airglow emission lines
from the Earth’s atmosphere are marked (⊕), and well-detected absorption lines from
the O vi doublet and C ii λ1036.3 near v(heliocentric) ≈ 0 km s−1 are also labeled
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Figure 6.1 Comparison of the FUSE observations of LMC X-3 obtained in 2001 (black
histogram, see H03) and in 2004 (red histogram, see Wang et al., 2005) in the vicinity
of the O vi λ1031.9,1037.6 doublet. In this figure, all data from the November 2001
observing campaign have been accumulated into a single spectrum regardless of the
phase of the binary during the individual exposures, and likewise all of the April
2004 observations have been coadded to form a single spectrum. The O vi doublet
emission, whose velocities and intensities vary with the binary phase as presented
in Figures 6.4 and 6.5, are smeared out in the combined spectra. Both spectra are
binned to 7.5 km s−1 pixels. Airglow emission lines from the Earth’s outer atmosphere
are marked (⊕), and absorption lines due to O vi and C ii (λ1036.3) are also labeled.
The weaker O vi absorption line at λ1037.6 is blended with Galactic absorption due
to C II∗ (λ1037.0) and H2 (λ1037.2). It might also be blended with C II at the velocity
of the LMC itself.
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(analysis of the absorption lines in the FUSE spectrum of LMC X-3 is reported in
Wang et al., 2005). The substantial variation in the UV flux is immediately obvious,
but we note that the flux variation cannot be described with a simple scale factor
applied to the entire spectrum. For example, the continuum is roughly two times
brighter at λ ≈ 1045 Å but is roughly 4× brighter near the putative O vi emission at
λ ≈ 1034 Å. It is difficult to draw conclusions about the long-term UV flux variability
with observations at only two epochs, but it appears that while the O vi emission
intensity decreased along with the continuum in the 2004 observation, there is not a
strict correlation. We will show below that narrow O vi emission lines are detected
in the 2004 data, but it is possible that the broad O vi emission was not present in
the later observation for some reason. The shape of the X-ray spectrum of LMC X-3
also changed between 2001 and 2004 (see §6.3.4), so it is possible that the changes of
the broad O vi feature are related to changes in the X-ray flux.
6.2.2.2

COS Observations

There are some limitations of the spectroscopic UV dataset from FUSE presented
in the previous section. First, LMC X-3 is a challenging target for FUSE because the
UV flux is relatively low, so the data can be noisy. Also, in the FUSE wavelength
range, emission lines from the Earth’s atmosphere are a potential source of confusion
(see below). Moreover, FUSE is no longer operating, so we cannot contemplate followup FUSE spectroscopy. Fortunately, all of these problems can be overcome with COS
(Green et al., 2003), the new spectrograph on HST, with some caveats. COS has
limited sensitivity in the 912 < λ < 1130 Å range (McCandliss et al., 2010), but
this region can only be observed with COS at low spectral resolution (R ≈ 2000).
COS could observe LMC X-3 with higher resolution (R ≈ 20, 000) at λ > 1130
Å, but at the expense of missing the OVI doublet. However, other highly ionized
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Figure 6.2 Portion of the COS G130M (left) and G160M (right) spectrum of LMC X3 (black histogram) showing the emission lines of the N v λ1238.8,1242.8 doublet and
the C IV λ 1548.2,1550.8 doublet. The N v and C IV doublets are both apparent in
emission as well as absorption. Although these features seem reminiscent of P-Cygni
profiles, it is more likely that the absorption features are due to the absorption by the
foreground ISM and the emission lines are from LMC X-3. See Section 3.3 for more
detail. In the left panel, the smooth black curves show the model of the underlying
LMC X-3 flux used to extract the N v emission and absorption characteristics. The
red dotted curves show only the fitted N v emission lines, and the green curves show
the total N v fits (absorption and emission). The COS data are binned to 10 km s−1
pixels in this figure.
species are accessible in the λ > 1130 Å range (e.g., N v λλ1238.8, 1242.8 or C

IV

λλ1548.2,1550.8).
We have recently observed LMC X-3 with COS using the high-resolution G130M
and G160M modes (Program 11642). The target was observed on 15 December 2009
with total exposure times of 16.9 ks (G130M) and 2.7 ks (G160M). The data were
calibrated with the pipeline CALCOS (version 2.11b), and major fixed-pattern noise
features due to grid wires in the cross delay line detector were removed with a flat field
developed by K. France. This flat field does not correct for all types of fixed-pattern
noise in COS spectra (e.g., Sahnow et al., 2010), but for the measurement of broad
and bright emission lines presented in this paper, the lower-level fixed pattern noise
does not have a significant impact on the results.
The regions of the COS G130M and G160M spectra of LMC X-3 covering the
N v and C

IV

emission lines are shown in Figure 6.2. Emission in these species
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was previously detected from LMC X-3 by Cowley et al. (1994) using low-resolution
spectra obtained with the Faint Object Spectrograph on HST as well as the International Ultraviolet Explorer. Our new COS data offer two advantages over the previous
observations: (1) the spectral resolution is ≈10 times higher, so variations in the velocity centroids can be measured more accurately, and (2) the S/N is higher, and
consequently the data can be divided into phase bins for investigation of emission
variability vs. binary phase. As we will show below, the N v velocities are consistent with the optical orbital velocities of LMC X-3 and are also consistent with the
velocity trends exhibited by the O vi doublet. The G160M spectrum is considerably
noisier and the C

IV

emission features are weaker, so in this paper we will focus on

the velocity and amplitude variations of the N v lines and their comparison to the
O vi emission.

6.3
6.3.1

Results
New Ephemeris of LMC X-3

We have analyzed the optical observations of LMC X-3 in a manner analogous
to the recent study of LMC X-1 (Orosz et al., 2009). Among the 53 optical spectra
that we obtained with the Magellan-Clay telescope, we exclude seven observations
from our analysis due to their relatively large residuals in the radial velocity.1 The
remaining 46 radial velocities are then fitted to a circular orbit model, which returns
the systemic velocity V0 , the time of inferior conjunction of the optical star T0 (phase
0), and the velocity semiamplitude of the secondary KB , when given the value of the
orbital period P . We construct a periodogram as shown in the top panel of Figure 6.3
using a wide range of trial periods. The best fit indicates P = 1.704820 ± 0.000012
1

Five of the seven outliers were obtained on the same night, so it is possible that a subtle problem
with the wavelength calibration on that particular night compromised those measurements.
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Figure 6.3 Top: The periodogram of LMC X-3 derived from the Magellan+MIKE
radial velocity measurements, constructed by fitting a three-parameter sinusoid at
each trial period. The y-axis shows the value of χ2ν of the fits. Middle: The periodogram derived from the combination of the MIKE measurements and the Cowley
et al. (1983) radial velocities. Bottom: An expanded view of the middle panel near
the minimum χ2ν .
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days and T0 = HJD 2, 454, 454.9962±0.0011, where the uncertainties on the individual
measurements are scaled to give χ2ν ≈ 1.
We also tried including the radial velocities published in C83 in order to refine
our measurement. However, the systemic velocities obtained from the two data sets
are quite different: 406 km s−1 for MIKE and 310 km s−1 for Cowley et al. The
cause for this difference is not clear, although it is not uncommon to find that the
systemic velocity changes depending on what line is used (one even sees shifts when
one uses different Balmer lines). We thus first simply subtracted the respective systemic velocities from the two data sets before χ2 fitting sine curves as a function of
trial period. The periodogram for the combined data is shown in the middle panel of
Figure 6.3. The minimum value of χ2ν occurs for P = 1.7048089 ± 0.0000011 days and
T0 = HJD 2, 454, 454.9964 ± 0.0011, which are very close to the values derived from
the MIKE data alone (top panel of Figure 6.3) but with much smaller uncertainties
in P. In this paper, we use this more accurate ephemeris to determine the orbital
phase of the UV observations of LMC X-3. The bottom panel in Fig. 6.3 is the
zoom-in near the minimum χ2ν of the middle panel. This panel clearly shows that all
other possible alias periods are ruled out with high confidence. The fitted velocity
amplitude is 250.3 ± 1.1 km s−1 , comparable to the value derived by Cowley et al.
(1983). A detailed description of the optical spectroscopy and a full discussion of the
improved dynamical model used here to obtain the radial velocities will be presented
in a separate paper.
6.3.2

O vi Doublet Emission

The FUSE observations cover about three quarters of the XRB orbit. In order to
measure the O vi emission velocities and intensities as a function of orbital phase,
we divide the FUSE exposures into 5 binary phase bins, which provides reasonably
good resolution of trends vs. phase while still maintaining adequate S/N in the
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spectra from each bin. Fig. 6.4 shows the spectra of these 5 phase bins. In this
and several other figures, we refer to the 2001 FUSE observations from H03 as the
“old” data and the later FUSE observations as the “new” data. The old data were
binned in orbital phase in a similar way and are also represented in Figure 6.4. Due
to the low-Earth orbit of the FUSE satellite, many airglow emission lines from the
Earth’s outer atmosphere are present in the FUSE wavelength range (Feldman et
al., 2001). Strong airglow emission lines are readily apparent and easily identified
(marked with ⊕), but weaker telluric emission could be a source of contamination.
Most of the airglow emission lines are excited by sunlight and are only present in
data recorded on the day side of the FUSE orbit. Since the photons are time tagged,
it is straightforward to extract spectra using only photons detected during the night
portion of the orbit. While this reduces the overall S/N, night-only spectra are useful
for supressing the strong airglow emission lines (which sometimes blend with – or
mask entirely – spectral features of interest) and for assessing whether an emission
feature is a bogus identification due to confusion with terrestrial airglow emission. So,
we also show in Figure 6.4 some spectra extracted using night-only data. Since the
velocities of the emission lines are of particular interest, we also show in Figure 6.5
the phase-binned FUSE spectra plotted versus heliocentric velocity.
The spectra in Figures 6.4 and 6.5 are arranged from top to bottom according to
phase (as indicated by the labels in each panel). From inspection of these figures,
we can recognize emission from both lines of the O vi doublet that regularly shifts
in velocity as a function of the XRB orbital phase. Interestingly, the intensity of
the O vi emission also appears to change with phase: the O vi emission appears
to be brightest near inferior conjunction of the X-ray source (orbital phase ≈ 0.5),
and it fades and disappears into the noise at superior conjunction (phase ≈ 0). As
we will show below, similar behavior is observed in the N v doublet. To quantify
this observation, we have fitted Gaussians to the emission features, and the O vi
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Figure 6.4 Orbital modulation of the O vi emission lines. Each panel shows the
spectrum obtained by coadding all observations in the phase range indicated in the
panel (e.g., panel a shows the data accumulated when the XRB was between orbital
phase = 0.37 and 0.55). Panels labeled as “new” data are based on observations
obtained in 2004, and panels labeled as “old” show data from the 2001 observations.
“All data” indicates that the spectrum includes data obtained during both the day and
night sides of the FUSE orbit and thus is affected by terrestrial dayglow emission lines
(marked with ⊕). In some cases the O vi λ1037.6 transition is significantly blended
with terrestrial emission so we also show the spectrum obtained by combining only
the nighttime data (which greatly suppresses the airglow emission features). In some
panels, Gaussian fits to the O vi emission is overplotted with a smooth red line. As
discussed in the text, the O vi emission lines show regular variations in velocity and
intensity as a function of orbital phase.
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Figure 6.5 Same data as shown in Figure 6.4 but plotted vs. heliocentric velocity.
The zero velocities are centered at Galactic O VI absorption lines (1031.93 Å and
1037.62 Å), respectively. The centroids of the emission features associated with LMC
X-3, as determined from Gaussian fits to the lines, are indicated with red tick marks.
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Table 6.1. LMC X-3 O vi Emission Line Measurements
O vi
Transition(Å)

FUSE
Observation Date

Binary
Phase

VO VI
(km s−1 )

FWHM
(km s−1 )

1031.93
1031.93
1037.62
1031.93
1037.62
1031.93
1031.93

2004-04 (day+night)
2001-11 (day+night)
2004-04 (night only)
2004-04 (day+night)
2004-04 (night only)
2001-11 (day+night)
2004-04 (day+night)

0.37-0.55
0.42-0.52
0.37-0.55
0.56-0.70
0.56-0.70
0.65-0.71
0.70-0.83

385 ± 11
384 ± 13
350 ± 13
218 ± 9
207 ± 8
154 ± 8
147 ± 8

171 ± 26
126 ± 31
143 ± 32
106 ± 22
59 ± 16
53 ± 16
68 ± 18

velocity centroids and line widths indicated by the fitting exercise are summarized in
Table 6.1.
As noted above, one concern about the identification of the O vi emission is that
the features could be contaminated by terrestrial airglow lines – there are several
molecular N2 emission features in the vicinity of the O vi λ1031.9 feature, e.g., N2
b(1,2) and N2 b’(9,6) (Feldman et al., 2001), and strong telluric emission is present
near O vi λ1037.6. However, there are several indications that these emission features we identify as O vi emission lines do not arise in the Earth’s atmosphere. First,
the velocity centroids of the features regularly shift with orbital phase; this would
not occur if the lines were telluric. Second, there are stronger N2 features at other
wavelengths in the FUSE band (see Feldman et al., 2001), and the absence of those
stronger N2 features indicates that the N2 b(1,2) and N2 b’(9,6) emissions are negligible. Third, in the night-only spectra the airglow emissions in this range disappear but
the candidate LMC X-3 emission lines remain apparent. Finally, the O vi trends are
corroborated by the N v emission lines in the COS data, which are clearly detected
at high significance and are not affected by telluric lines.
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6.3.3

N v Doublet Emission

The region of the COS G130M spectrum of LMC X-3 shown in Figure 6.2 clearly
shows significant emission from both lines of N v along with weaker N v absorption.
Upon initial inspection, the N v features seem reminiscent of P-Cygni profiles (the C IV
doublet shows similar P-Cygni-like characteristics), and it is tempting to attribute
the features to a stellar wind from the B-star companion of the LMC X-3 black hole.
While this is a possible origin for the emission features, one must bear in mind that the
foreground highly ionized absorption from the ISM of the Milky Way (and from the
corona of the LMC) is strong in the direction of the Magellanic Clouds (e.g., Wakker
et al., 1998; Howk et al., 2002), so the N v and other highly ionized absorption is
likely to arise (at least partially) in the foreground ISM and might have nothing to
do with LMC X-3 itself. We also note that the LMC X-3 spectral features appear to
be narrower than the P-Cygni profiles typically seen from normal B stars (cf. Grady
et al., 1987; Prinja , 1989), and the variability of the emission suggests an alternative
origin, as we discuss below.
The COS observation of the LMC X-3 covers the XRB orbit between phase 0.66
and 0.89 based on our new ephemeris. In a fashion analogous to our treatment of the
FUSE data, we divide the G130M exposures into five phase bins and plot the velocity
variation of both lines of the N v doublet with binary phase in Figure 6.6. We used
Gaussian and Voigt functions to model, respectively, the N v emission associated
with LMC X-3 and the N v absorption arising in the foreground Milky Way gas.
In each phase bin, the centroids and widths of the Galactic N v absorption lines
were determined by using all the observations (instead of only the subset data for
that particular single phase bin) since any foreground Milky Way absorption should
not change with the binary phase. As can be seen from Figure 6.6, this procedure
produced reasonably good overall fits, which supports the notion that the absorption
is mostly due to foreground material unrelated to LMC X-3. It is important to note
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Figure 6.6 Velocity variation of the N v emission with phase, plotted vs. heliocentric
velocity. The zero velocities are centered at the rest-frame wavelengths of the doublet
(the 1238.82 Å and 1242.80 Å lines are shown in the left and right panels, respectively). The thick black lines indicate the effective continuum placement adopted for
the N v fits, the red dotted curves show the emission line profiles only, and the green
curves show the overall fit including N v absorption and emission. The spectra were
rebinned to 10 km s−1 pixels for this figure.
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Table 6.2. LMC X-3 N v Emission Line Measurements
Nv
Transition(Å)
1238.82
1242.80
1238.82
1242.80
1238.82
1242.80
1238.82
1242.80
1238.82
1242.80

COS Observation
Start Time(UT)
Duration(s)
2009-12-15
2009-12-15
2009-12-15
2009-12-15
2009-12-15
2009-12-15
2009-12-15
2009-12-15
2009-12-15
2009-12-15

04:07:56
04:07:56
04:47:49
04:47:49
07:57:18
07:57:18
10:40:19
10:40:19
12:22:19
12:22:19

1885
1885
3014
3014
5411
5411
3270
3270
3270
3270

Binary
Phase

VN V
(km s−1 )

FWHM
(km s−1 )

0.66-0.68
0.66-0.68
0.68-0.70
0.68-0.70
0.76-0.80
0.76-0.80
0.82-0.85
0.82-0.85
0.87-0.89
0.87-0.89

142 ± 4
140 ± 3
134 ± 4
131 ± 3
125 ± 4
126 ± 3
145 ± 6
140 ± 5
136 ± 11
124 ± 10

96 ± 7
101 ± 8
94 ± 7
113 ± 8
87 ± 10
45 ± 5
70 ± 11
44 ± 8
113 ± 23
46 ± 9

that while the core of the COS line-spread function (LSF) provides the expected
spectral resolution, the COS LSF has broad wings (Ghavamian et al., 2009). To
account for these wings, the model profiles were convolved with the COS LSFs, at
appropriate wavelengths, from Ghavamian et al. (2009). The velocity centroids and
line widths of the N v lines measured in this way are summarized in Table 6.2.
As we can see from Figure 6.6 and Table 6.2, the velocity centroids of the N v
emission lines do not change much in the five phase bins extracted from the COS
data set. However, the COS observations were randomly scheduled with respect to
the XRB phase (i.e., no scheduling constraints were placed on the COS program in
order to observe the system at some particular phase), and as we will show in §6.4,
the COS observations happened to be obtained near an extremum of the XRB radial
velocity curve when the velocities are not expected to change much. Moreover, the
N v velocity centroids are consistent with the O vi velocities recorded in roughly the
same phase (see below). Perhaps more interestingly, the N v intensities change with
phase in the same way as the O vi: the N v emission intensity decreases steadily
going from phase ≈ 0.65 to phase ≈ 0.9 (see Figure 6.6). This is surely an important
clue about the origin of the N v and O vi emission, and we will return to this in §6.4.
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Figure 6.7 Left: X-ray light curve of LMC X-3 from the RXTE All-Sky Monitor with
the dates of the “old” (2001) and “new” (2004) FUSE observations marked (dashed
lines). The two insets show the regions in the vicinity of the two epochs with a time
span of 350 days. Right: RXTE Proportional Counter Array X-ray spectral energy
distribution of LMC X-3 obtained near the times of the two FUSE observations. The
solid lines are the best-fit models to the data (see Table 6.3 for model details). The
grey dashed and dotted lines indicate the disk and power-law components used to fit
the new observation, respectively.
6.3.4

X-ray Observations

Figure 6.7 compares the X-ray characteristics of LMC X-3 during the FUSE observations in 2001 and 2004. Although LMC X-3 usually occupies a soft state in which
the X-ray spectrum is dominated by emission from the accretion disk, it was in a faint
and transitional state near the time of the 2004 FUSE observations (this is indicated
by the presence of a strong power-law component in the observed spectrum; see Cui
et al., 2002). As shown in Figure 6.7, LMC X-3 appeared to be nearly as bright in
X-rays during the 2004 FUSE observations as it was during the 2001 observations of
H03. This is not accidental; the 2004 FUSE observations were part of a coordinated
Chandra/FUSE target-of-opportunity program that was triggered when the RXTE
ASM showed that LMC X-3 was entering a bright state.2 However, as can be seen
2
This was done to maximize the S/N of the Chandra grating spectroscopy, which was originally
initiated for the detection of X-ray absorption lines. See Wang et al. (2005) for further details.
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Table 6.3. Best-fit Parameters for RXTE Spectra of LMC X-3a

Observation
NH
20
Time
(10 cm−2 )
2001
2004
a

4.74
4.74

Disk Componentb
kTdbb
(keV)
Ndbb
1.25+0.01
−0.01
1.19+0.01
−0.01

27.85+0.98
−0.94
24.45+1.03
−1.05

Power-law Componentc
Γ

Npo

—
2.30+0.15
−0.16

—
0.085+0.039
−0.028

The uncertainties shown represent 90% confidence intervals.

b

Tdbb and Ndbb are the temperature at inner disk radius and the normalization (dimensionless) in the multi-black body model (diskbb in XSPEC),
respectively.
c

Γ and Npo are the photon index of power law and the normalization (photons keV−1 cm−2 s−1 at 1 keV) in the power law model (powerlaw in XSPEC),
respectively.

from the left panel of Figure 6.7, the 2004 increase in X-ray brightness was associated
with a short-lived X-ray flare, whereas the 2001 data were recorded when LMC X-3
was undergoing one of its more gradual (and more typical) upward modulations in
X-ray brightness. Thus, while the X-ray brightness was comparable in 2001 and 2004,
it is likely that the object was in a different type of X-ray state. To further compare
the X-ray characteristics of the XRB during the FUSE observations, the right panel
of Figure 6.7 shows spectra from pointed RXTE observations obtained very close to
the times of the FUSE studies. From this comparison we see that LMC X-3 was in the
usual soft state around the time of the 2001 observations and the associated spectrum
is well fitted with a multicolor disk model. However, LMC X-3 was in a significantly
harder spectral state when the 2004 FUSE data were obtained. The spectrum for the
latter observation requires a second power-law component aside the disk component.
The best-fit parameters from the two models are summarized in Table 6.3.
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6.4

Discussion: Nature of the UV Line Emission

Where do the ultraviolet emission lines originate? Emission from O vi arising in
interstellar plasma has been frequently detected (e.g., Dixon et al., 2006), but strong
N v emission lines like those shown in Figure 6.2 are never seen from interstellar
clouds, so it is most likely these emission lines are intrinsic to the LMC X-3 system.
Moreover, lines from interstellar gas should be stationary, but the LMC X-3 emissionline velocities seem to follow the velocity curve of the XRB.
To show the UV emission-line velocity trends more quantitatively, we plot the
velocity centroids of the O vi and N v emission lines as a function of the binary
phase (derived from the new ephemeris) in Figure 6.8. In this figure, the O vi and
N v emission velocities are plotted with red and blue filled circles, respectively; the
horizontal bars on each point indicate the phase range associated with each measurement, and the vertical bars represent the formal ±1σ velocity uncertainties. When
we fit a sinusoidal curve to the UV data (green curve), we find an orbital semiamplitude of 180 ± 1 km s−1 and a phase deviation (compared to the optical data) of
0.027 ± 0.004. The systemic velocity of LMC X-3 inferred from the fit to the UV
measurements is 301 km s−1 , comparable to the systemic velocity (310 ± 7 km s−1 )
obtained in C83, assuming a circular orbit. The cyan dashed-dotted line shows a fit
to the UV velocities in which the sinusoid is forced to be in phase with the optical
curve but the semiamplitude is allowed to vary; we see that this fit is comparably
good. Therefore, the UV emission velocities generally follow the trend of the optical
velocities in the orbital phase, but the UV velocity semiamplitude is lower than the
optical semiamplitude (250.3 ± 1.1 km s−1 ).
If the O vi and N v emission lines arise in the atmosphere of the B star, they
should follow the optical orbital velocities of the star. For a circular orbit, which is
most likely for LMC X-3 since the 1.7 d orbit should quickly circularize, the radial
velocity curve should be a standard sinusoid. This behavior is approximately seen
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Figure 6.8 Velocity variation with binary phase for the O vi (red filled circles) and
N v (blue filled circles) emission lines. No measurements are available for the O vi
emission lines in the phase range 0.83-0.20 since the emission is too weak to be
detected near the X-ray source superior conjunction. Horizontal and vertical bars
on each point indicate the phase coverage and ±1σ velocity uncertainties associated
with each measurement, respectively. A sinusoidal fit to the UV data is presented as
the green curve. The cyan dashed-dotted line shows a fit to the UV data in which
the sinusoid is forced to be in phase with the optical curve but the semiamplitude is
allowed to vary. The systematic velocity of LMC X-3 from the fit to the UV data
(301 km s−1 ) is marked as the dotted black line.
.
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in the UV emission velocities shown in Figure 6.8. It is possible that there are
systematic uncertainties in the UV velocities (e.g., due to line shapes that are more
complex than our assumed single Gaussian plus interstellar absorption) that are not
adequately reflected by the formal error bars from the single-Gaussian fits, but the
velocities are sufficiently well-constrained to show that they follow the general velocity
trend of the optical B-star measurements and that the UV semiamplitude is clearly
different from the optical semiamplitude.
The similar (but not identical) behavior of the UV vs. optical velocities could
naturally occur if one side of the B star is illuminated and hence heated by the Xray/UV continuum emission originating near the black hole. In this case, the UV and
B-star orbital velocities would generally follow each other, but rotation of the B star
could cause the UV emission to have a somewhat different semiamplitude. Cowley et
al. (C83) report that the B-star has v sin i = 130 ± 20 km s−1 . A hot spot on the B
star that remains pointing in the direction of the black hole would only be rotating
toward or away from the observer depending on where the star is in the course of
its orbit, and since the velocity centroid would be some sort of weighted mean of the
portion of the spot visible to the observer, the effective component of the rotation
velocity along the line of sight could be less than the full v sin i value. To test
this hypothesis, it would be helpful to obtain observations of LMC X-3 covering the
phase = 0.2 − 0.5 portion of the orbit. It would also be helpful to carry out detailed
modeling of this scenario, but such modeling is beyond the scope of this paper.
However, we note that the intensity variations of the O vi and N v emission lines
are broadly consistent with this idea. Figure 6.9 shows the variations of the integrated
flux in the O vi and N v emission vs. orbital phase. The gradual decrease of the
integrated O vi and N v flux occurs over binary phases when the accreting black hole
moves from inferior conjunction to quadrature to superior conjunction. At superior
conjunction, the O vi emission is too weak to be reliably measured, and the N v
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Figure 6.9 Variability of the integrated flux of O vi and N v emission as a function
of orbital phase.
.
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emission is greatly suppressed (see Figures 6.5 and 6.6). During this time period,
the hemisphere of the B star directly facing the black hole would move from fully
illuminated to partially covered to completely occulted. The observed UV emission
intensity variations appear to be consistent with this hypothesis.
A similar hypothesis has been proposed to explain the similar N v emission lines
and other emission features detected in the UV spectra of a low-mass X-ray binary
Cygnus X-2 (Vrtilek et al., 2003). By measuring the radial velocities of the emission
lines and comparing the observed line profiles with the predictions from models of line
emission from an X-ray-heated accretion disk corona, Vrtilek et al. (2003) suggest
that most of the line emission detected in the UV spectra of Cygnus X-2 is from the
illuminated surface of the companion star. For LMC X-3, if the idea is supported
by future work, this could provide an important constraint on the inclination of this
X-ray binary (and thus the mass of the black hole) as well as insight on how black
holes affect their surroundings, and the properties of their companions in particular.
Our interpretation of the detected variable O vi and N v emission from the X-ray
binary LMC X-3 seems promising, but it is far from being conclusive. There exists
considerable uncertainties in decomposition of the N v emission feature (§3.3). There
could be weak P-Cygni profiles in the N V and C IV regions. For the absorption part
of the P-Cygni profile, the importance and shape of the wind contribution versus
the contribution from the foreground ISM is difficult to distinguish and accurately
measure. We also can not fully exclude contributions from other plausible components
of the LMC X-3 system, such as stellar and/or accretion disk winds as detected or
predicted in other systems (Boroson et al., 2007; Raymond , 1993). Our hypothesis
requires further observational and theoretical testing.
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APPENDIX
NOTES ON INDIVIDUAL SIGHTLINES

3C249.1(PG1100+772)-The Seyfert 1 galaxy is at an emission-line redshift
of 0.3115. Its FUSE spectrum shows all the strong Galactic atomic lines, as well
as numerous Galactic molecular hydrogen lines from rotational level J=0 to J=4.
Wakker et al. (2006) estimated the total H2 column density in the Galactic disk and
halo is around 1019 cm−2 . There are several absorption features in the FUSE bandpass
which do not have clear identifications, such as these around 1034.8Å, 1046Å as well
as 1057.3Å. If they are O VI absorption lines, then these absorbers must have been
highly-ionized and contain little neutral gas, since their Lyα absorption lines do not
appear at the right wavelengths in the corresponding STIS spectrum. Nevertheless,
we detect a new O VI absorber at z=0.026. The stronger O VI 1032Å line apparently
presents as a 2-3 σ feature, while the weaker O VI line is blended with Galactic H2 .
We also detect Lyα and Lyβ lines at the same redshift.
3C273.0 - This Seyfert 1 galaxy, at a redshift of 0.1583, is ultraluminous in
infrared. It lies at l=289.95o and b=64.36o with a median extinction E(B-V)=0.021.
The sight line passes through the Virgo Cluster. The representative velocity of the
cluster is < V >∼ 1141 ± 60 km s−1 with σr ∼ 666 km s−1 (Tammann 1972).
There are STIS spectra available for the QSO. The FUSE spectrum of this target has
been studied exhaustively by Sembach et al. (2001), where they performed complete
identifications of all lines in the FUSE bandpass, including molecular, neutral atomic,
weakly ionized, and highly ionized components of the interstellar and intergalactic
material toward the background quasar. They detected Lyβ absorption in eight
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known IGM Lyα absorbers. Moreover, O VI absorption was detected in the 1015 km
s−1 Virgo Cluster and in the absorber at z=0.12007 at the 2-3 σ level. C III was also
detected in the latter absorber. O VI absorption was found in the Galactic halo and
high velocity clouds (HVCs) at v ∼ 200 km s−1 along this sight line (Fox et al. 1006).
Sembach et al. detected O VI 1032Å, Lyα and Lyβ absorption lines at z=0.0034
with the weaker O VI 1037Å line severely blended with one Galactic H2 feature. This
absorber was confirmed by Tripp et al. (2008). The authors also noticed that the
Lyα profile shows multiple velocity components while the O VI profile only shows one
component. In addition, a great deal of Lyman series lines have been identified at
z=0.0053 in the FUSE and STIS spectra of 3C273.0. However, O VI doublet and C
III absorption lines are not available due to blending with the Galactic atomic and/or
molecular lines at corresponding wavelengths. In the STIS spectrum of 3C273, we
also identify another five Lyα absorbers at various redshifts.
H1821+643 -The bright QSO H1821+643 is a favorable background source in
the UV absorption line study. It has been observed by several UV spectrographs,
including GHRS, FOS, SITS and FUSE. It provides a great opportunity to explore
the physical properties of gas in the Galactic disk and halo, the Galactic Outer Arm,
and extragalactic medium (Savage et al. 1995,1998; Tripp et al. 1998, 2001; Oegerle
et al. 2000). Tripp et al. (2008) reported Lyα Lyβ and O VI 1032Å absorption lines
at z=0.02438. The O VI absorber may be closely related to an individual galaxy at
z=0.02404 as suggested by Tripp et al. (1998). They estimated the absorber-galaxy
projected distance is 783 kpc with velocity separation of 146 km s−1 .
HE0226-4110 -Because the Galactic H2 absorption along this sight line is weak,
the FUSE spectrum of the background QSO HE0226-4110 is relatively clean, which
significantly favors the search for extragalactic absorption features. Combining FUSE
and STIS data, Lehner et al. (2006) presented complete identifications of all the lines
in the UV spectra. They detected five O VI absorbers, which were all confirmed by
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the following study (Tripp et al. 2008). Among the five O VI absorbers, the one at
z=0.01747 is within the redshift cutoff of the 2MASS groups. Aside from the Lyα and
O VI 1032Å lines, C IV doublet is also detected at the same redshift of this absorber.
HE0450-2958 - The FUSE spectrum of this QSO is relatively noisy with S/N ∼
2.8. We find one unidentified 2-3σ feature at 1050.2 Å.
HE1228+0131 -This sight line probes the outskirt of the Virgo Cluster at physical separation between the sight lines of 500 h−1
70 kpc. Rosenberg et al. (2003)
detected 5 Lyα absorbers at Virgo distances. From an analysis of absorber associations at Virgo distance between this sight line and the line of sight to 3C273, the
authors concluded that a large-scale structure filament produces a correlated, not
contiguous, gaseous structure in this region of the Virgo Supercluster.
HS0624+6907 -The sight line to HS0624+6907 passes by several foreground
Abell clusters. Aracil et al. (2006) found there are more than 6 Abell galaxy clusters
within 4 degrees of the sight line suggesting that the QSO line of sight passes near a
node in the cosmic web. At a Galactic latitude of this QSO, there is severe Galactic
extinction along the direction with E(B-V)=0.098, which are manifested as rich H2
absorption lines in the FUSE spectrum. Wakker et al. (2006) reported the H2 column
density in rotation states J=0 to 4 is 1019.7 cm−2 . Below the 2MASS redshift cutoff,
Aracil et al. (2006) identified four Lyα absorbers at z=0.017553, 0.019897, 0.028700,
and 0.030651, respectively. For one Lyα absorber at z=0.019897, we clearly detect
the O VI 1032Å line and marginally detect the O VI 1038Å line. The profile of the
stronger line shows two velocity components, which however is hard to distinguish
from the Lyα profile.
Mrk106 - There are some absorption features in the FUSE spectrum of the target
that can’t be uniquely identified. These are at wavelength 1033.8, 1035.7, 1043.9,
1058.1 and 1062.5 Å.
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Mrk876 -We identify three extragalactic Lyα absorbers in the STIS spectrum
of QSO Mrk876, which are at z=0.00313, 0.01162 and 0.0202, respectively. For the
Lyα absorber at z=0.00313, the Lyβ absorption feature clearly appears at proper
wavelength in the FUSE spectrum, but O VI 1032 Åline is confused with a Galactic
H2 absorption line. The Lyβ absorption at z=0.01162 should be present based on the
strength of the corresponding Lyα feature and can be used to better constrain the
H I column density since the Lyα line is saturated. However, it is blended with the
Galactic O VI 1037.62 Å line.
MS0700.7+6338 - The FUSE spectrum of the QSO has good S/N (∼ 7.5) and
shows all the strong Galactic atomic lines and rich molecular lines from rotational
level J=0 to J=4. Besides these Galactic features, the UV spectrum is relatively clean
and does not show any extragalactic Lyβ or O VI absorption lines at 2-3σ within our
redshift searching range.
PG0052+251 - This QSO was observed by FUSE with total exposure time 17
ks. There is no data recorded in Lif2 and Sic2 channel for some unknown reasons.
There may exists mild channel drifts due to the misalignment of the FUSE optical
bench, the resulted signals in the SiC1 channels are too noisy to be used. The FUSE
spectrum obtained with Lif1 channel shows rich Galactic H2 absorption lines. There
are several features what do not correspond to any Galactic atomic or molecular lines,
such as these at 1050.3, 1071.9 and 1072.6 Å. They could be extragalactic Lyβ or O
VI 1032 Å lines. However the confirmation of these features through the detection of
some other Lyman series lines or weaker O VI 1038 Å line is impossible due to the
limited wavelength coverage of FUSE data, poor S/N, or simply the weakness of the
lines.
PG0953+414 -The intervening O VI absorption line systems in the FUSE and
STIS spectra of the bright QSO PG0953+414 have been comprehensively studied by
Savage et al. (2002). Later, five O VI absorbers are revealed at various redshifts, one
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of which may be associated with the QSO itself (Tripp et al. 2008). Unfortunately,
none of the five absorbers is located in the redshift space covered by the 2MASS
catalogs.
PG1001+291 -The FUSE spectrum of this QSO is relatively noisy with S/N
∼ 3.5. We identify only one extragalactic Lyα absorber in its STIS spectrum at
z=0.0153.
PG1004+130 - There are mysterious features in the wavelength range 1032.41035 Å in the FUSE spectrum of the target.
PG1116+215 -PG1116+215 lies in the direction l = 223o .36, b = 68o .21 at a
redshift zem = 0.1765. The FUSE and STIS spectra of the sight line show numerous
absorption lines arising in the Galactic disk and halo, several HVCs, and the intergalactic medium. Sembach et al. (2004) presented elaborate identifications of all
lines in 900-3000Å spectral region. In the redshift range covered by 2MASS groups,
no confirmed O VI absorber has been identified (Tripp et al. 2008). Sembach et al.
reported a Lyα absorption line systerm at a redshift of 0.00493 (equivalent width of
95 mÅ).
PG1216+069 -The FUSE spectrum of PG1216+069 has low S/N (∼ 2.5). Using
STIS data recorded in the E140M mode, Tripp et al. (2005) discovered a primitive
damped Lyα absorber (DLA) at z=0.00632. Beside Lyα line, they also detected many
metal absorption lines at the same redshift, such as O I, CII, SiII and FeII. However,
O VI is not significantly detected. The DLA is near the X-ray bright NGC4261 galaxy
group in the outskirts of the Virgo Cluster.
PG1259+593 -This Seyfert 1.0 galaxy lies at a redshift zem = 0.4778 and has
relatively low extinction (E(B-V)=0.008). A thorough investigation of the FUSE and
STIS spectra of the target has been carried out by Richter et al. (2004). Within the
redshift coverage of the 2MASS group catalog, Richter et al. tentatively detect O
VI in two Lyα absorbers at z=0.00229 and z=0.00760, in which the former has been
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confirmed by Tripp et al. (2008). The O VI absorber at z=0.00229 is likely associated
with WHIM gas in the halo or nearby intergalactic environment of UGC08146, a dwarf
spiral galaxy (Richter et al. 2004). The absorber and the galaxy match closely in
redshift (∆v = 0.00005) and the impact parameter is relatively small (55 kpc), so
they are physically close in space.
PG1302-102 -In the STIS spectrum of the target, we detect four Lyα absorbers
at z=0.00438, 0.0253, 0.0328, and 0.0344. Particularly at z=0.00438, Lyβ and C III,
as well as C IV doublet absorption lines are also detected. However the stronger O VI
line is blended with the Galactic C II 1036Å absorption feature. From the kinematics
of Lyα and C III and CLOUDY modeling, Cooksey et al. (2008) indicated that this
absorber is composed of photo-ionized, metal-poor, single-phase gas.
PG1402+261 -The QSO at z=0.164 lies behind the Bootes supercluster, which
is composed of 11 galaxy clusters in a redshift range of 0.059-0.079 (Bregman et al.
2004). This sight line also passes through the Canes Venatici Spur (v=1140 ± 250 km
s−1 ), but no intergalactic absorption is detected (Wakker et al. 2003).
PG1444+407 -The FUSE spectrum of QSO PG1444+407 is quite noisy with
S/N≈ 3. No known O VI absorber has been identified at z < 0.038 in the FUSE
bandpass. A Lyα absorber at z=0.01881 is detected in the STIS spectrum of the
QSO.
PG1626+554 - In addition to the Galactic features, there is a strong feature at
1038.7 which does not have a clear identification. It is most likely a Lyβ absorption
line at a redshift of 0.01265. However, this assumption is hard to be confirmed
through the detections of other high-level Lyman series lines since the Sic channel
data that cover these lines are too noisy to be useful. This feature could be due to
the absorption of a O VI absorber at z=0.00656, but again we can find a second line
with unique identification at the same redshift.
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PHL1811 -PHL1811 is a narrow-line Seyfert 1 galaxy at redshift 0.192. It lies
behind the Aquarius B supercluster and the Aquarius-Cetus supercluster (Bregman
et al. 2004). Using the FUSE spectrum of the QSO supplemented with the lowresolution spectra recorded by STIS in the G140L, G230L and G230MB mode, Jenkins
et al.(2003, 2005) published complete identifications of all lines in the FUSE bandpass.
Using the high-resolution STIS E140M observations, we identify a strong feature at
1236.70Å that does not due to the absorption of the Milky Way. It is most likely
an Lyα feature at z=0.0173. If so, it would confirm the detection of Lyα line at
z=0.01771 indicated by Jenkins et al.(2003) using much lower resolution data. No
other higher Lyman series line at the same redshift is available in the FUSE bandpass.
We notice the Lyα profile shows multiple velocity components while the O VI 1032Å
line has only one component. Although, there exists moderate velocity difference
between these two lines (∼ 180 km s−1 ), it is still possible that they are both resulted
from the same absorber.
PKS0558-504 -The narrow-line Seyfert 1 galaxy is at a redshift of 0.1372. Positive high-velocity O VI, C III and high-level Lyman series lines have been detected
in the FUSE spectrum of the QSO at v=210-315 km s−1 (Fox et al. 2006), which are
considered to be due to the absorption of the HVCs around the Galaxy.
PKS2155+304 -The BL Lac object PKS2155-304 is at a redshift of 0.116. It
passes through the HVCs of the Milky Way at v=-140 km s−1 and -270 km s−1
(Collins, Shull & Giroux, 2004). Shull et al. (1998,2003) studied the cluster of H I
and O VI absorption systems at z=0.0567, which are associated with a small group of 5
H I galaxies at the same redshift offset 400-800 h−1
75 from the sight line. This group environment contains multiphase medium, including cold neutral gas (Lyα, Lyβ, Lyγ),
warm hot gas ( O VI), and possibly much hotter virialized gas ( O VIII). We detected
3 Lyα absorbers in the STIS spectrum of the background source (z=0.0088, 0.0166
and 0.0258) below zcutof f .
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TON S210 -This Seyfert 1.0 galaxy lies near the south Galactic pole (l,b=225o , −83o )
and has a redshift of 0.116. There is no sign of extragalactic Lyα and O VI absorption
in the STIS and FUSE spectrum of the QSO with z < zcutof f .
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Peñarrubia et al. 2005, ApJ, 626, 128
Pisano,D.J., Wakker,B.P., Wilcots,E.M., & Fabian,D. 2004, AJ, 127, 199
Porcel,C., & Battaner,E. 1995, MNRAS, 274, 1153
Postman,M., & Geller,M.J. 1984, ApJ, 281, 95
Prinja, R. K. 1989, MNRAS, 241, 721
Prochaska Jason X., Gawiser Eric, Wolfe Arthur M., Castro Sandra, Djorgovski S.
G., 2003, ApJ, 595, L9
Quilis,V. Moore,B., & Bower,R. 2000. Science, 288, 1617
Quillen A. C., Minchev Ivan, Bland-Hawthorn Joss, Haywood Misha, 2009, MNRAS,
397, 1599
Rao Sandhya M., Nestor Daniel B., Turnshek David A., Lane Wendy M., Monier Eric
M., Bergeron Jacqueline, 2003, ApJ, 595, 94
Raymond, J. C. 1993, ApJ, 412, 267
Richter Philipp, Sembach Kenneth R., Wakker Bart P., Savage Blair D., Tripp Todd
M., Murphy Edward M., Kalberla Peter M. W., Jenkins Edward B., 2001, ApJ,
559, 318
Rocha-Pinto, H. J., Majewski, S. R., Skrutskie, M. F., & Crane, J. D. 2003, ApJ,
594, L115
Rolleston W. R. J., Smartt S. J., Dufton P. L., Ryans R. S. I., 2000, A&A, 363, 537
Sahnow, D. J. et al. 2010, BAAS, 41, 503
Sahnow D. J., et al., 2000, ApJ, 538, L7
Sancisi,R., Fraternali,F., Oosterloo,T., & van der Hulst,T. 2008, A&ARv, 15, 189

189

Savage,B.D., & Sembach,K.R. 1991, ApJ, 379, 245
Savage,B.D., Bohlin,R.C., Drake,J., & Budich,W. 1977, ApJ, 216, 291
Savage Blair D., Tripp Todd M., Lu Limin, 1998, AJ, 115, 436
Savage Blair D., Sembach Kenneth R., Lu Limin, 1995, ApJ, 449, 145
Savage Blair D., & Sembach Kenneth R., 1996, ARA&A, 34, 279
Savage Blair D., & Sembach Kenneth R., 1991, ApJ, 379, 245
Sembach K. R., et al., 2004, APJS, 150, 387
Sembach K. R., et al., 2003, APJS, 146, 165
Sengupta,C., & Balasubramanyam,R. 2006, MNRAS, 369, 360
Song, L. M., Tripp, T. M., Sembach, K. R., & Bowen, D. V. 2010, in preparation
Soria R., Wu K., Page M. J., & Sakelliou I. 2001, A&A, 365, L273
Spitzer,L.Jr., Cochran,W.D., & Hirshfeld,A. 1974, ApJS, 28, 373
Spitzer,L.Jr., & Cochran,W.D. 1973, ApJ, 186, 23
Strateva et al. 2001, AJ, 122, 1861
Sulentic,J.W., & Arp,H. 1987, ApJ, 319, 693
Thilker David A., et al., 2007, APJS, 173, 538
Thom,C. et al. 2006, ApJ, 638, 97
Thom C., Peek J. E. G., Putman M. E., Heiles Carl, Peek K. M. G., Wilhelm R.,
2008, ApJ, 684, 364
Tripp, T. M., Jenkins, E. B., Bowen, D. V., Prochaska, J. X., Aracil, B., & Ganguly,
R. 2005, ApJ, 619, 714
Tripp, T. M., Giroux, M. L., Stocke, J. T.,Tumlinson, J., & Oegerle, W. R. 2001,
ApJ, 563, 724
Tripp Todd M., Savage Blair D., Jenkins Edward B., 2000, ApJ, 534, L1
Tripp Todd M., Jenkins Edward B., Bowen David V., Prochaska Jason X., Aracil
Bastien, Ganguly Rajib, 2005, ApJ, 619, 714
Tripp Todd M., et al., 2003, AJ, 125, 3122
Tripp Todd M., Giroux Mark L., Stocke John T., Tumlinson Jason, Oegerle William
R., 2001, ApJ, 563, 724
190

Tumlinson,J. et al. 2002, ApJ, 566, 857
van der Hulst J. M., Skillman E. D., Smith T. R., Bothun G. D., McGaugh S. S., de
Blok W. J. G., 1993, AJ, 106, 548
Veilleux,S. et al. 1999, ApJ, 520, 111
Vidal-Madjar A., et al., 2000, ApJ, 538, L77
Vila Costas M. B., & Edmunds M. G., 1993, MNRAS, 265, 199
Vollmer,B., Braine,J., Balkowski,C., Cayatte,V., & Duschl,W.J. 2001, å, 374, 824
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